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PREFACE

The Proceedings of the NASA Aircraft Safety and Operating
Problems Conference held at Langley Research Center, Hampton,
Virginia, on October 18-20, 1976, are re¢ported in this NASA
Special Publication.

The purpose of this conference was to discuss the results
of research of the National Aeronautics and Space Administration
in the field of aircraft safety and operating problems. The
program components include the following:

(1) Terminal Area Operations
(2) Flight Dynamics and Control
(3) Ground Operations

(4) Atmospheric Environment

(5) Structures and Materials
(6) Powerplant

(7) Noise

(8) Human Factors

Contributions to this compilation were made by representatives
from NASA Headquarters; NASA Ames, Langley, and Lewis Research
Centers; NASA Dryden Flight Research Center; NASA Johnson Space
Center; NASA Marshall Space Flight Center; NASA Wallops Flight
Center; the Federal Aviation Administration; The George Washington
University, Joint Institute for Advancement of Flight Sciences;
University of Virginia; University of Kansas; General Electric
Company; and Beech Aircraft Corporation.
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INTRODUCTORY REMARKS

Kenneth E. Hodge
NASA Headquarters

I'm pleased to be here witi: you this morning to welcome you all to the
Conference on behalf of NASA Headquarters. Your participation in this Confer-
ence is indicative, I believe, of both your interest and the interest of your
organizations in NASA research programs which address aircraft safety and
operating problems.

During the next several days you will hear reports on results of a number
of recently completed programs and status reports on still othexr programs now
underway. The papers cover a wide range of topics - from safety in flight to
safety on the runway, from problems related to the cockpit enviromnment to
problems related to the atmospheric environment, and from problems induced
by one aircraft on another to problems induced by the aircraft on airport
neighbors. Obviously the presentations will not provide solutions to ali
these problems. We are hopeful that the ideas and knowledge reflected by
the presentations do help with some of your problems and provide the baeis
to improve the usefulness of air vehicles to some degree. Many times, it
seems, our problems are not completely eliminated or solved. Today's so-
called solutions are merely acceptable for this period in history. New
vehicles, flight regimes, modes of operation, and levels of public concern
place continuing demands both for more refined solutions to old or lingering
problems and for fresh solutions to brand new problems: problems often
spawned by the use of new vehicles in our air transporation system. And
of course we must rccognize problems which could occur a. a consequence of
extending aircraft operating life-times well beyond initial design objec-
tives as appears to be tt *endency under the present economic environment.

As aviation's role in public transportation has become firmly established,
more and more attention has been devoted to ensuring the reliability, ond
therefore the safety, of flight. Safety is difficult to define, but can
be thought of as the absence or control of factors which can cause injury,
loss of life, or loss of property. Survival and expansion of air travel
demand the lowest operational risk commensurate with economic well-being of
the air transportation system. Consequently, the field of aviation safety
and operating problems provides a continuing challenge to vaise the levels
of our knowledge and understanding of the aircraft operating environment.

A difficult and formidable task confronts the research planner or
headquarters manager who is called upon to not only respond to identified
problems but to anticipate where the next serious problem area will be.
Funding for the problems of tomorrow is difficult to justify, and impatience
for quick, low=-cost solutions to difficult problems is a natural reaction.
Despite the difficulty of the task, working in the safety research and
technology area is exciting and provides the satisfaction of contributing
towards a most worthwhile goal: reduction of suffering, misery, and loss.
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Some research effortuy have just recently been Inltlated; too new for cven
. a status report at thie tine. For exomple, an NASA Twin Otter has recently
s been modificd with o tcocarclh tipe eross=wind landing poar to cnnt Te e io
o investigate trigear crosa-uind Linding problems and melhods of extending cron. -
wind limits for landing ol STOL alroratt,

Wake vortex minimization Is an area of high-priorlty research In NASAS a

- survey paper is Included In this Confercnce. We have very recently been asked

i by FAA to examine a number of questions which must be answered before operational
application of certain promising minimizatlion concepts would be proposed, In -
addition to quantifylng bLenefits and costs, we are presently working with FAA
on details of additional ground tests and flight research with the most promising
concept to assess possible impacts on noise, approach and landing p>rformance,
fuel consumption, structural loads, and other. This program is a coordinated
o effort involving the Ames and Langley Research Centers and Dryden Flight Research
Center. I believe this Conference to be a multifaceted program that is repre-
sentative of NASA's research efforts in the aviation safety and aircraft oper-
o ating problems areas. We hope you will enjoy the Conference and benefit from
% the technical papers presented. We would welcome comments on how the Conference
' met your expectations and needs.

This Conference is historically under the aegis of the NASA Research and
3 Technology Advisory Council, Panel on Aviation Safety and Operating Systems.
5 As many of you know, our Panel Chairman since 1969, Frank Kolk of American
Airlines, passed away last summer., Frank would have liked to have been here
and would want us to carry on in the tradition of our prior Conferences, and
8o we will!
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REVIEW OF OPERATIONAL ASPLCTSG OF INTTIAL EXPRRIMENTS UTILIZING
THE U.S., MLS 2

- Thomas M, Walsh, Samuel A. Morello, and John P. Reeder
NASA Langley Research Center

SUMMARY -

An exercise to support the Federal Aviation Administration in demonstrat-
ing the U.S. candidate for an international microwave landing system (MLS)
was satisfactorily accomplished at the National Aviation Facilities Experi-
mental Center in May 1976, It was demonstrated that in automatic three-
dimensional (3-D) flight, the volumetric signal coverage of the MLS can be
exploited to enable a commercial carrier class airplane to perform complex
curved, descending paths with precision turns into short final approaches
terminating in landing and roll-out, even when subjected to strong and gusty
tail- and cross-wind components and severe wind shear. The avionics tech-
= nique used in the demonstration for processing and utilization of the MLS

signals is illustrative of application to future system design.

L 0f equal importance were the advanced displays that allowed the flight
i crew and observers to follow the flight situation and aircraft tracking per-
: formance very accurately from the aft flight deck cf the Terminal Configured
Vehicle Program Boeing 737 research airplane without outside reference. Ele-
- wents of these displays enabled the pilots to proceed after take-off toward
the initial way point of the flight profiles, where automatic 3-D flight was
initiated. During the initial phase of automatic 3-D navigation, elements
of the displays were driven by conventional navigation signuls. Upon entering
the MLS coverage region, MLS signals were used to drive the display elements
for monitoring of the automatic control system performance during transition
from conventional RNAV to MLS RNAV; curved, descending flight; flare; touch-
down; and roll-out. Of greater impcrtance, particularly with respect to
implications for future systems, the displays enabled the pilots, when traf-
fic situations or their interruptions occurred, to control manually for
- diversionary maneuvers., The situation presented by the displays was clear
i enough to allow the pilots to perform the appropriate mancuvers readily in
the RNAV environment to reenter the desired profiles with precision. Such
capability is lacking today in commercial operations and will be required
for acceptance of complex, close-in maneuvers in the futurc, In addition,
the pilots flew several manually controlled approaches using the same dis-
play formats that had been used for monitoring purposes during the automatic
flights. Data for these manual approaches indicate that the performonce
compares favorably with the performance achieved under automatic flight
control,
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The prowing coagestion associated with the rapld oxpansion of alr travel
and the noine impact of the jJer flect cn aiport neighbors have led to tech-
nology developments in ground ond aiyhorne electronle nystems and in noise sup-
presslon, 1In this arvea, the bhepooow o o onsportaclon (DOT) and the Federal

Avlation Administration (FAA) have andertaken an effort to upgrade the air
traff{ic control system. This revised syutem, known as the Upgraded Third-
Generation Alr Traffic Control System (UG3HED ATCS), has the following features
(ref, 1):

(1) Intermittent positive control

(2) Discrete address beacon systom

(3) Area navigation

(4) Microwave landing systenm

(5) Upgraded air traftic coutrol aviomatlon

(6) Airport surface traffic control

(7) Wake-vertex avoidance systoem

(8) Aeronautical satellites for tvansuceanle flight
(9) Automation of flight service stuations

It is recognized that additional development and evaluation activities should
make maximum use of the potential ol theso system developments. In formulating
the joint DOT-NASA Civil Aviation Nescarch ond Development Policy Study Report
(ref. 2, p. 6-28) the question of 1J.S. Government conduct or support of demon-
stration programs in civil aviation is introduced with:

"Demonstration programs arc nceded to prove out new systems and
technologies, to assess market potentials, or to remove major insti-
tutional constraints temporarily., wewonstration programs are experi-
ments designed to embrace ncew coucepts, procedures, regulations, or
the blending of new techmologies into existing systems., These pro-
grams should collect information and rcquired data in a real-world
environment involving the ultlimaste users of the system. . . "

In reccgnition of this need, the MNASA Langley Research Center has imple-
mented the Terminal Configured Vehicle (TCV) Program (ref. 3). 1Its goal is to
identify, evaluate, and demounstrite witcralt and flight management technology
that will improve the efficiency and aceeptablility of conventional aircraft in
terminal-area operations. The reason ior cmphasis on terminal-area operations
(fig. 1) is that this region is recopnized as the system bottleneck as well as
the major area of possible unfavervble impact with the community environment.

The TCV Program is conducting aualvticet, sinmulation, and flight test

research which will supporc dmprovemerso iu (1) terminal-area capacity and effi-
ciency, (2) approach and landing copato ity {a odverse weather, and (3) operat-
ing procedures to reduce noige impact, In this rescarch, major emphasis is

being placed on the development of adviancced concepts for applications to avi-
onics and displays for aircraft operaticons in the UG3RD and post UG3RD ATCS's,
Particular emphasis is being ploced o cpervations in an MLS environment. One
example of this effort is the participarion of JA8A through its TCV Program with
the FAA In the demonstration oi the . wativual microwave landing system to the
4




All Weather Operations Pancl of the International Clvil Aviation Organization
(1CAO). This demonstration took place at the FAA'# Natlonal Aviatlon Facilitlen
Experimental Center (NAFEC) Ly May 1976 (vef, 4). During this demongstration the
MLS was utilized to provide the TCV Boeing 737 research airplance with guldanes
for automatic control during trinsition (rom conventional RNAV to MLS RNAV In
curved, descending flight; flarc; tonchdown; and roll-out. The purpose

of this paper is to describe sume of the operational aspects of the demonatra-
tion. Flight profiles, system configuration, displays, and operating procedures
used in the demonstration are described, and preliminary resulte of flight data

analysis are discussed. Recent experiences with manually controlled flight in
the NAFEC MLS environment are also discussed.

ABBREVIATIONS AND SYMBOLS

AFD aft flight deck

ATC air traffic control

AWOP All Weather Operations Panel

Az azimuth angle from MLS azimuth beam

C-band 5000-MHz frequency signal
CWsS control wheel steering
DME distance measuring equipment

DME/DME  dual DME navigation mode

DOT Department of Transportation

EADI electronic attitude director indicator
EHSI electronic horizontal situation indicator
El elevation angle

ELl elevation angle from MLS glide slope beam
EL2 elevation angle from MLS flare beam

FAA Federal Aviation Administration

GCA Ground Contrcolled Approach

ICAO International Civil Aviation Organization

1DD inertially smoothed DME/DME navigation mode

v e e A amvm. o . Fr . mmammmer. v § oo
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1LS instrument landing syatem
INS inertial platform
Ku 15,000=-MHz frequency silgnal
LAT latitude
LATORIGIN latitude of corigin of MLS runway-referenced coordinates
LONG longitude -
LONGORIGIN longitude of origin of MLS runway-referenced coordinates
MLS microwave landing system
MLS RNAV navigation in the MLS environment
NAFEC National Aviation Facilities Experimental Center
NASA National Aeronautics and Space Administration
NCDU navigation control/display unit
R range measurement
RNAV area navigation r
RSFS Research Support Flight System
TCcV Terminal Configured Vehicle
UG3RD A.CS Upgraded Third-Generation Air Traffic Control System
VFR visual flight rules
VE east velocity
VN north velocity
h altitude rate or sink rate
hmsl altitude above mean sea level
htd altitude above desired touchdown point
Xy¥Yy2 aircraft position in runway-referenced coordinates
§ cross runway velocity
y cross runway acceleration
6
1
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ALAT latitude deviation of aircraft from origin of runway-referenced
coordinate system

ALONG longitude deviation of aircraft from origin of runway-referenced
coordinate system

B angle of glide-path deviation

n angle of lateral-path deviation

e aircraft pitch angle -

¢ aircraft roll angle

] aircraft yaw angle

3-D three-dimensional navigation mode (3 positions)

4-D four-dimensional navigation mode (3 positions and velocity or time
schedule)

TCV PROGRAM OVERVIEW

It has been recognized that new ATC equipment and procedures cannot solve
the problems that they are intended to solve unless the airborne systems and
flight procedures are developed to take full advantage of the capabilities of
the ground-based facilities. The airborne system is comsidered to be the basic
airframe and equipment, the flight-control systems (automatic and piloted
modes), the displays for monitoring or pilot control, and the crew as manager
and operator of the system. Because of the urgent need to develop the required
airborne system capability, the NASA Langley Research Center has implemented a
long-term research effort knowm as the Terminal Configured Vehicle Program.

The program is conducting analytical, simulation, and flight-test work to
develop advanced flight-control capability for

4-D RNAV and transition to MLS

Precision, curved, steep, decelerating, and time-sequenced approaches
utilizing MLS

Zero-visibility landings through turnoff
This .:apability will be developed by means of

Advanced automatic controls

Advanced pilot displays for monitoring and ccatrol
Reduced crew workload

Improved interfaces of avionics, aircraft, anu crew

Advanced airframe configurations
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The primary facility used in the flight research is the Research Support
Flight System (RSFS). The system consists of a Boeing 737 airplane (fig. 2)
equipped with onboard reprogrammable all-digital integrated navigation, guidance,
control, and display systems.

RSFS Description

A cutaway view of the airplane shown in figure 3 illustrates the palletized
installation of the RSFS avionics and depicts a second cockpit for research (aft
flight deck, AFD). The value of the RSFS for research purposes is enhanced by
several notable design features:

(a) The system functions are controllable and variable through software.
(b) The hardware is easily removed, modified, repaired, and installed.

(c) Flight station changes are readily accomplished in the research cock-
pit, which hes a fly-by-wire implementation for comtrol of the airplane.

The arrangement of the AFD is shown in the photograph of figure 4. The

center area of the cockpit is seen to resemble a conventional 737 cockpit,
whereas the area immediately in front of the pilot and copilot has been opened
up by removing the wheel and wheel column and replacing them with "brolly
handle" controllers. This open area has been utilized as the location for
advanced electronic displays. The displays illustrated in figure 4 consist of
an electronic attitude director indicator (EADI) at the top, the electronic
horizontal situstion indicator (EHSI) in the middle, and the navigation control
display unit (NCDU) at the bottom. 4 control mode select panel is shown located
at the top of the instrument panel and centered between the two pilots., The
display system is all digital and can be readily reprogramed with regard to for-
mats and symbology for research purposes. The NCDU is used to call up pre-
planned routes and flight profile information or for entering new or revised
information to be displayed. Inserted information and flight progress informa-
tion can be called up on the NCDU for review. The EADI instrument provides
basic attitude information to control the airplane; the EHSI shows the horizon-
tal plan of the flight, either with a heading-up or north-up mode, and the
flight progress. The display formats and their functions will be described in
more detail in a later section of this paper.

TCV Program Goals

The basic goals of the TCV Program are illustrated in figure 5. As seen
in this figure, operations in the MLS environment can, perhaps with proper con-
trols and displays, allow operators to take advantage ol steep, decelerating
curved approaches with close-in capture whith result in shorter common paths.
These paths can be planned for reduced noise over heavily populated areas and
for increased airport capacity. Onboard precision navigation and guidance sys-
tems including displays are required for 3-D and 4-D navigation and for
sequencing and closer lateral runway spacing. Displays are under development

a7 o



——— = ot
e e+ e i

with the intent of achieving lower visibility operations in this futurc .o
ment with sufficient confidence that they become routine. Finally, progione
turnoffs at relatively high speed should clear the runway to allow operaticns
to proceed with perhaps 40 to 45 seconds between aircraft, ghould the vor i
vake problems be solved.

U.S. MICROWAVE LANDING SYSTEM

In 1977, the ICAO is scheduled to select a new international standard
approach and landing guidance system that will replace both the instrument
landing system (ILS) at civil airports and the ground controlled approach (o
at military airports (ref. 5). The ICAO All Weather Operations Panel is pres
ently evaluating candidate microwave landing systems submitted by Australia,
Britain, France, West Germany, and the United States. All candidate systems
operate in the microwave region, which is expected to serve the full range of
aircraft operating in all-weather conditions.

The U.S. MLS basically transmits three time-reference scanning fan-shaped
radio beams from the runway, as jllustrated in figure §. One beam scans +60°
from side to side of the runway center at a rate of 134 times per second to
provide azimuth (Az) referencing. The second beam scans up 20° and down to a

reference plane parallel to the runway surface at a rate of 40 times per secomnc,
to provide basic glide slope guidance (EL1). The third beam, which scans up 7.\

and down to the same plane parallel to the runway at a rate of 40 times per
second, is used for flare guidance (EL2). A fourth nonscanning fan-shaped hcas
transmitted from a distance measuring equipment (DME) site provides ranging
information. This DME beam is transmitted at a rate of 40 times per second an.

has an angular coverage of 120° in azimuth and 20° in elevation. Time referenc’

means that receiving equipment onboard the aircraft will measure the time dif-
ference between successive "to" and "fro" sweeps of the scanning beams to
determine aircraft position relative to the runway center line and to a pre-
selected glide path., This time-difference measurement technique gives rise to
the designation of the U.S. MLS as a Time Reference Scanning Beam MLS.

JOINT FAA/NASA ICAO DEMONSTRATION AGREEMENT

Early in the TCV Program, a joint NASA/FAA agreement recognized the long-
term objective. of the NASA Program, and NASA agreed to provide use of the 1CV
airplane for support of specific FAA system evaluations, including that of the
MLS. In July 1975, at the request of the FAA, NASA agreed to participate in =a
flight demonstration of the U.S. MLS capabilities to the All Weather Operati:
Panel (AWOP) c¢f ICAO at NAFEC. The ground rules adopted for the demonstratjon
were

(1) Fly 3-D automatic, curved, descending approaches with RSFS navipatior

control laws used for the curved-path portions and with MLS guidance substitutey

for inertial platform (INS) guidance.

B O SOV PU AUV UVR SR SO
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(2) Make transition from curved-path portions to short, straight final
approaches and land with the RSFS autolund control laws modified to use MLS
guidance substituted for INS and ILS guidance,

(3) Perform flares using EL2 and/or radio altimeter signals,
(4) Perform roll-out using MLS guidance.

(5) Modify the RSFS displays to accept MLS derived information. These
displays include (a) horizontal situation, (b) curved trend vector, and
(c) center~line and glide-path deviations.

All the capabilities implied by the ground rules were to be demonstrated
in an automatic mode without use of the inertial smoothing technique which is a
basic part of the conventional RSFS. The FAA asked that no acceleration signals
be used to augmeat the MLS data if possible. However, the FAA stated that the
use of body-mounted accelerometers or direct measurement of INS acceleration
signals were permissible if parameters of this type were needed for the basic
control systems. The FAA also stated that the use of attitude data from the INS
was permissible in lieu of attitude from high-quality vertical and directional
attitude reference systems for display purposes. The philosophical approach
taken by Langley Research Center was to make minimum modifications in the
existing navigation guidance and control systems and to derive all necessary
parameters from the MLS data for interface with these systems.

DEMONSTRATION FLIGHT PROFILES

The flight profiles selected for the demonstration are shown in figure 7
superimposed on a photograph ¢f the NAFEC area. The two profiles shown in this
figure are designated as a 130° azimuth capture and an S-turn azimuth capture,
Each flight profile contains a 3 n. mi. straight final approach representative
of many VFR approaches being flown at the presant time at congested airports
near heavily populated areas. These profiles, which can be used to provide
alleviation of noise over populated areas, are also illustrative of the types of
curved paths that have potential for increasing airport capacity in ar advanced
ATC environment.,

A more detailed description of flight events along the demonstration pro-
files is given in figures 8 and 9. As seen in figure 8, take-off was from run~-
way 22 with the airplane controlled manually from the front cockpit during take~
off. Shortly after take-off, control was shifted to the aft cockpit, where a
control wheel steering (CWS) mode had been selected by the AFD pilot. Prior to
encountering the first way point, the AFD pilot selected a 3-D automatic RNAV
mode for airplane control. This control mode used inertially smoothed DME/DME
(IDD) as the source of guidance information. Altitude was maintained at 1220 m
(4000 £t) until the way point indicated by "Begin 3° descent" was passed. From
this point the airplane continued descending at 3° until flare was initiated.
After crossing the Az boundary and approximately 15 seconds after crossing the
EL1 boundary, the pilot received an indication of valid MLS data, at which time
he selected the MLS RNAV mode which used MLS data as the source of guidance
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{nformation. This latter event is noted as "MLS enable" in figure 8, Just
prior to entering the final turn, the pilot gwitched to Land Arm, The airplane
continued to f£ly under the MLS RNAV mode until both selected glide slope and
lateral path were acquired; then the control of the airplane was switched to
autoland, which then controlled the aircraft along the 3 n. mi. final approach.
At an altitude consistent with the sink rate and altitude criteria of the flare
laws in the flight control system, flare was initiated. Flare was executed
using EL2 and DME data as the source of vertical guidance information on most

of the touchdowns. On a few flights during the demonstration, a radio altimeter
was used as the source of vertical guidance informatiom for comparison purposes.

The events along the S-turn profile are very similar to the events of -
the 130° azimuth capture profile, as shown in figure 9. It may be noted that
the S-turn profile resulted in a greater time period of MLS RNAV than did
the 130° profile. Om touch-and-go approaches, control was switched from aft
flight deck automatic control to front flight deck manual control for the take-
off portion of repeat flights, On landings that continued to a full stop, roll-
out was conducted in an automatic mode that used the Az beam for runway center-
line guidance informationm.

RSFS CONFIGURATION FOR THE ICAQ DEMONSTRATION

The basic configuration of the RSFS that was used during the ICAO Demonstra-
tion is illustrated in figure 10. It should be noted that the original RSFS was
not configured to use MLS data for navigation, guidance, or control. The
principal task to which NASA addressed its efforts was the integration of the
MLS signals into the navigation, guidance, and control laws and display formats
of the original RSFS that had been designed to use INS, DME, ILS, and radio
altimeter data. The major development effort involved with the configuration of
figure 10 was directed at aircraft antenna design and location, interface of the
MLS receiver with the RSFS, and design of the MLS guidance signal processor.
Wherever possible, the functions of this signal processor were designed to per-
mit integration of MLS derived navigation, guidaice, and control parameters with
existing laws of the navigation and guidance ccmputer and the autoland computer
with minimal modifications to these computers. Minor changes were made to the
existing display formats, with features added ro indicate validity of MLS sig-
nals and to improve the perspective runway format.,

MLS Processor

Details of the MLS processor are {llustrated in figure 1l. As shown in
this figure, the inputs to the MLS processor from the MLS receiver are Az, R,
ELl, and EL2. These signals were prefiltered to remove extraneous noise and
then transformed to a runway-referenced coordinate frame which produced position
data (x,y,z) relative to the selected glide-path intercept point.

The function of the closed-loop estimator of figure 11 was to produce esti-

mates of position and velocity parameters required for interface with the nevi-
gation and guidance computer, the autoland computer, and the displays. The Air
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Data input to the closed-loop estimator consisted of calibrated airspeed and
sink rate as derived from a barometric altimeter, These two pleces of data
were used to initialize the closed-loop estimator. The Accelerations input to
the closed-~loop estimator was used to produce the quality of velocity data
required in the flight control system. These acceleration data were extracted
from the INS during the ICAQ Memonstration, However, on subsequent flights
this Accelerations input was derived from body-mounted accelerometers, with no
notable degradation of flight performance. A description of the closed-loop
estimator outputs is given in the following paragraphs,

MLS Processed Signals for Navigation and Guidance

The MLS processor outputs to the navigation and guidance computer are
indicated in figure 12. The parameters derived from MLS data for navigation
are ALAT and ALONG, whlich are latitude and longitude deviations from the
origin of the MLS runway-referenced coordinate frame. The terms LATor1G N
and LONGopiery in figure 12 are the latitude and longitude values for t
origin of t%e runway-referenced coordinate frame. These latitude and longitude
origin values are known a priori and stored in the navigation computer. It is
then a simple task to determine the aircraft latitude and longitude, as indi~
cated by the equations in figure 12, The MLS processor outputs used for guid-
ance are latitude ILAT, longitude LONG, altitude to mean sea level h 1°
north velocity V., east velocity Vg, and sink rate h., These MLS prgceasor
outputs and way points defining the desired flight path which are prestored in
the navigation and guidance computer are then operated upon by the RSFS guidance
laws to produce path correction commands to the autopilot while operating in an
automatic RNAV mode.

MLS Prccessed Signals for Autoland

The MLS processor outputs to the autoland computer as shown in figure 13
are glide-path-angle deviation @, lateral-path-apgle deviation n, altitude to,
touchdown h.4, vertical velocity, or sink rate h and cross runway velocity ¥.
These inputs to the autoland guidance laws are processed in the autoland com-
puter along with a prestored runway heading during the £inal approach to produce
piteh and roll commands to the autopilot. It should be noted here that airspeed
is controlled by the autothrottle according to a preset airspeed selected by the
pilot.

MLS Processed Signals Used for Displays

Before discussing the MLS orocessor outputs used for driving the displays,
it is appropriate to describe che Lu51 and EADL display formats used during the
MLS demonstration. The photograph of figure 14 shows the arrangement of the
electronic displays in the research cockpit. 7The display system consists of the
electronic attitude director indicator (EADI) at the top, an electronic hori-
zontal situation indicator (EHS1) in the middle, and the navigation control
display unit (NCDU) at the bLottom. The LEADL provides basic attitude information
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used to control the airplane. The EADI format of figure 14 shows an en route
format, with the star and circle symbology providing information on the position
of the airplane relative to a programed flight profile. Details of the EADI
symbology used for approach to landing will be discussed later.

The EHSI format of figure 14 shows a horizontal view of the preprogramed
flight path and obstacles, such as the towers shown in the display. The present
position of the airplane is indicated by the apex of the triangle symbol. The
dashed trend vector in front of the airplane symbol is predictive information
and represents where the airplane will be in 30, 60, and 90 seconds if it main-
tains the current turn rate. The map also shows way points along with the path
and ground navigation aids. The current track angle is displayed at the top of
the screen. The moving time box shown in the photograph can be displayed if
the pilot wishes to fly a 4-D path manually otr automatically.

The NCDU is used by the pilot to call up or revise preplanned routes and

flight profiles. Flight progress information can also be called up on the NCDU
for review.

The EADI format used for the automatic approach and landing mode is shown
in the photograph of figure 15. This format provides basic attitude information
in both pitch and roll. Lines of pitch angle in 50 increments are indicated
above and below the horizon, and the roll pointer at the top of the display
shows bank angles of 10°, 20°, 30°, and 45°. The reference airplane symbol is
biased 5° up to reduce clutter in the middle of the screen, Flight-path angle
is displayed in the form of two wedge-shaped symbols that move vertically as a
function of flight-path angle and laterally as a function of drift angle.
Flight-path acceleration is displayed by the rectangu.ar-shaped symbol that is
just to the left of the flight-path symbols. Deviation from the vertical and
lateral paths is displayed by the movement of the autoland box symbol in rela-
tion to the boresight dot of the reference airplane symbol. When desired, a
computer-generated perspective runway with extended center line (ref. 6) can be
displayed for approach situation information. The triangle symbol on the hori-
zon gives present track-angle information. The box-shaped symbols on the
horizon represent 10° track increments from the runway heading and are plotted
relative to the junction of the rearward extended runway center line and the
horizon. The pilot uses the track angle and relative track symbology to estab-
1ish his path intercept for runway alinement. The computer-generated runway
symbology shows good registration with the real runway, shown by the forward-
looking television image. Time of day is displayed in the top left-hand corner
g0 that video tapes of the displays can be correlated with the onboard data
system. Radio altitude is displayed in the top right-hand side of the screen.

The MLS processor outputs used to drive these display symbols are indicated
in figure 16 as north velocity Vy, east velocity V., sink rate h, lateral-
path deviation n, glide-path deviation £, latitude™ LAT, and lcngitude  LONG.
The display symbols which are driven from these parameters are flight-path
angle wedges, which indicate the projected touchdown point; trend vector, which
indicates the predicted flight path of the aircraft; aircraft position; ground
speed; lateral-path and glide-path deviations; and a computer-generated per-
spective runway with an extended center line. Additional inputs to the display
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compucaiions as shown in fipure 16 are crons punway acvceleratlon ﬁ, vhich is
used tu stabilize the trend vectoury and pitch o, roll ¢, and yaw ', which
are used to correct the perspective runway synbel for airceraft attitude changes,
The acceleration and attitude inents were derived trom the Inertial platform
during the 1CAND Demonstraticn, Puving later tlights the acceleration inputs
were measured from body-mounted acceleroneters and transformed to an inertial
reference frame,

RSFS Reconfiguzation Summary

Changes to the RSI'S vonfiguration for the ICAC Demonstration may be seen
by comparing figure 17 with figure 3, As shown in fipure 17, three antenna
locations were selected for the demonstration, The C-band antennas on the tail
and lower aft fuselage were used for Alagnostic purposes during the development
flights. The C- and K, -band antennas located above the front cabin were the
primary antennas used for puidance. The cabin-mounted C-~band antenna was used
to receive Az, ELL, and 7 sipaals, ana the Ku~band anteana was the receiving
antenna for EL2 signals. The MLE receivers, procensor, and speeial MLS signal
recorders are shown located just in frovt of the aft flight deck. Special
in-flight diagnostic oscillugraphs and & backup MLS receiver are shown located
at the right rear of the airplane.

OVERVILEW OF FLIGHT RESULTS

During the development, demonstration, and post-demonstration data-
collection flights in the NAFEC MLS environment, 208 automatic approaches and
205 automatic flares were flown. 7These flares were terminated in touch-and-go
maneuvers and full-stop landings that included automatic roll-out operations.
During the demonstration flights, final apprcaches of 3 n. mi. were achieved,
Following the demonstraticnm, shorter tinal automatically controlled approaches
of 2 n. mi, were flown., Manuvally controlled flights conducied after the demon-
stration included 41 approaches with final segments of 3, l¥, and 1 n. mi,
Reduction of flight data gathered on thesc flights is underway. Analysis of
these data is expected to result in an asscssment of path tracking accuracy;
speed control system performance; display format utility for monitoring air-
craft path tracking performance and for interpretation of flight situat ion
and usefulness in changes in flight pluns; wind shear and turbulence conditions
during all flight phases; quality of the MLS signals in terms of precision and
multipath characteristics; and total performance of the navigation, guidance,
and flight control systems, However, a limited amount of quantitative data has
been reduced and the rcsults will be summarized here, In addition, qualitative
comments of pilots and observers regarding overall airplane performance will be
discussed.

Auteomatic Flight contrel Performuance
An example ot path tracking accuracy during the demonstretion tlights of

May 20, 1976, is chown in figures 13 and 19, The wata of these twe figures
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vere obtained through a comparison of unprocessed MLS Az, EL1, ELZ, and

R slgnals with phototheodolite tracking data, The ordinates of figure 18 are
in degrees and cach abscissa 1s in nautical miles, as measured from the ML A
and DME transmitter site. In figure 18, It can be scen that the azimuth crro
is qulte small throughout the approach and is usually less thon 0L0n%, The
error in elevation (EL1 reference) is somewhat larger but appears to be of the
order of 0.05° along most of the final approach. The abscissa scales of fig-
ure 19 are the same as for figure 18, The upper plot of this figure has range
signal error along the ordinate; the lower plot has degrees of elevation ({lare
signal) error along its ordinate. The range-error plot of figure 19 shows a
bias of approximately 8 m (25 ft), with maximum errors appearing to be of the
ord.r of 15 m (50 £ft). The elevation error shown in this figure agrees well
with the elevation error in figure 18, 1In fact, these two elevation-error plots
agree so well that it is highly probable that the major portion of this error
may be attributable to phototheodolite error rather than errors in either ELL
or EL2 signals. The source of this error is under study. The growth of ELL
and EL2 error in the vicinity of the runway threshold can be attributed
chiefly to the geometry of the photctheodolite sites.

Flight-path deviations for the same flight as in figures 18 and 19 are
shown in the plots of figure 20. The upper plot of this figure shows the
lateral-path deviation that occurred from final turn into the final approach
fix through touchdown and roll-out. These lateral deviations are typically less
than 15 m (50 £ft). The lower plot of figure 20 is representative of the glide-~
path deviations experienced during the demonstration flights., These deviations
were usually less than 6 m (20 ft). The growth of glide-path deviation starting
at 1.3 n, mi. is due to the flare maneuver.

An example of the effects of wind shear alomg the flight track on tracking
performance during final approach is shown in figure 21, The plot on the left
of figure 21 shows an ideal 3° glide slope (dashed line) and the glide-slope
performance (solid line) achieved when the airplane was subjected to the in-
fluence of the evident wind shear shown in the calibrated-airspeed plot on the
right of this figure. The airspeed plot shows variations in the teil wind com-
ponent of approximately 20 knots. An examination of this plot indicates that
the airplane experienced a wind shear gradient along the flight path of approxi-
mately 15 knots over an altitude range of 8 m (25 ft). Examination of the
glide-slope performance plet shows that the flight deviations were quite small
and of the order 'of 3 m (10 ft) or less. This performance is considered to be
excellent for such severe wind conditions., Other wind conditions experienced
during the demonstration flights include strong gusts, tail wind components
of 20 to 25 knots, and 20-knot cross-wind components.

No conclusions may be made at this time regarding correlations among air-
speed at flare initiation, mean tail winds during flare, sink rates at touch-
down, and touchdown dispersion. Analysis is undetrway to develop correl~t{ion
criteria for the results of these flights and the data gathered during the
development and demonstration flights. However, it can be noted that touchdown
dispersion data obtained for LLI flares and radio altimeter flares sppear to
have similar characteristics. These dispersion data arc censidered to compire
favorably with performance ol commercizl alrlines. Following the JCAU
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Demonstration, several automatic approaches wore suceessfully flown with
acceleration data sensed from body-mounted accelerometers Instead of from the
INS, During these latter flights the final approoach was shortened to 2 n, mi,

Display Utilizatlon

In exploiting the MLS capabilities in an RNAV and MLS environment and in
utilizing profiles such as those demonstrate! Lefore the TCAO, it is essential
that the flight crew be continually oriented with respect to its flight and
navigation situation. Today's aircraft flight instrumentation is not considered
operationally adequate, either for monitoring automatic flight or for contin-
gency reversion to manual control in the environment anticipated, that is,
close~in, curved, descending, precision approach profiles with very low visi-
bility and in proximity to other traffic. Consequently, the advanced electronic
display system has been provided in the aft flight deck of th¢ TCV airplane
with which to explore and develop this all-important interface of the pilot
with his environment.

During the ICAO Demonstration, the ability to observe the position of the
airplane at all times and its tracking performance by means of the displays was
as impressive as the automatic operation itself, After take-off, the displays
permitted the pilots to position the airplane manually for a smooth, maneuver-
less transition to 3-D automatic flight into the first way point of the auto-
matic profile. Also, during the development flights prior to the demonstra-
tion, numerous interruptions in flying the profiles were encountered. Several
diversions due to intrusion of traffic were encountered, and there were many
programing errors and malfunctions of various kinde that led the pilot to take
over. The displays, in combination with control wheel steering, resulted in
effortless navigation during reprograming or redirected flight and facilitated
expeditious maneuvering by the pilots to reenter the desired patterns without
lost time or excessive airspace for orientation and without the need for vec-
toring from the ground. The EADI symbology provided an effective means of
monitoring flight progress on the final approach. In particular, the excellent
registration of the computer-generated perspective runway with the television-
generated image of the real-world runway established confidence in the potential
utility of computer~generated runway symbology for monitoring landing operations.

The implications for the future are clear with respect to automatic flight,
Advanced displays will have to be provided to

Maintain crew orientation
Permit manual maneuvering within constraints in airspace, fuel, and time
in order to cope with diversions due to traffic, weather, or loss of

automatic capability

Permit continued controlled navigation when new clemances and/or flight
profiles must be defined
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Manually Controlled Approaches

Upon completion of the automatie f1ights related to the 1CAO Demonstration,
additional flights were conducted to evaluate display effectiveness for manually
controlled flight along the same profiles, since this 1s considered to be the
best way to evaluate display {nformation for monitoring purposes and takeover if
necessary. The runway symbology and track information relative to the runway
presented in the EADI appear to be effcctive means of integrating horizontal
information into the vertical situatlon display for the landing approaches. The
runway and relative-track symbology aid the pilot in maintaining a current men-
tal picture of his situatiom relative to the runway.

The velocity vector contrul mode was used during the approaches. In this
mode, the pilot commands pitch rate by pulling or pushing the panel-mounted
controllers. When the pilot perceives that the desired flight-path angle has
been reached, he releases the controllers and the system maintains that flight~
path angle. The pilot also commands roll rate by rotating the panel-mounted
controllers. When he attains the desired track angle relative to the runway,
he releases the controllers with wings level and that track angle is maintained
until further inputs are made.

During the manual approaches the pilot's task was to capture and told the
localizer center line while maintaining the 39 glide-slope center line. Several
approaches with 3 n. mi. finals were flown using the runway and relative-track
symbology as primary information for capturing and holding the localizer center
line. The resulting lateral ervors were less than 5 m (15 ft) at the 30-m (100-ft)
altitude window. This small error indicates that the pilot was able to make the
localizer offset correction quickly and come through this window with satisfac-
torily stable attitudes and conditions. The vertical errors at the 30-m window
were less than 2 m (6 ft).

Flight-path deviations for a typical manually controlled approach are
shown in the plots of figure 22. The upper plot of this figure shows the
lateral-path deviations that occurred from the final approach fix to an altitude
of 30 m (100 ft). The lateral deviation at the final approach fix is approxi-
mately 30 m. This offset was easily handled by the pilot, and as indicated by
the plot, the lateral deviations were reduced to 2 m (10 ft) or less prior to
flare initiation. The lower plot of figure 22 is illustrative of the glide-path
deviations during these approaches. The maximum vertical deviation is seen to
be 6 m (20 ft).

The manual approach performance achieved with the runwav and relatives
track symbology is very cncourar ing considering that these were the first close-
in approaches flown by these pitots,  The performance data for these manual

approaches compare very favorably with the flight director criteria for glide
slope and localizer performuance stated in reference 7 for Category 1 and Cate-
gory I1 approach conditions. Additional manual approaches with final segments
of 14 and 1 n. mi. were successfully tlown, Quantitative data relating to these
latter approaches arce not available at this time.
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CONCLUDING REMARKS

The system development effert undertaken by NASA in support of the 1CAU
Dewonstiation presented NASA with the opportunity to gain experience with the
Ustis MLS characteristicu and an opportunity to develop operational techniques
for utilizatlon of this system in a real-world environment, The demonstraticn
also provided an opportunity for a wide and varicd audience to observe proof of
coneept of the MLS In flight ond to witness presentations of the techniques
used to ijutegrate the MLS capabllity Into an cexisting avionics system on a com-
mercial carrler class airplane,

The Llights demonstrated the utility of the wide area coverage of the MLS
for curved, descending paths commencing with a standard RNAV approach into a
teruinal avca and continuation of this approuch throughout the MLS coverage
area and outo the runway. The ability to fly precision curved navigation paths
with use of MLS signals highlights the potenti.l of this system for design of
noise alleviation and high-capacity flight paths in a terminal area. During
these flights, transition from a curved path to the final approach was executed
smoothly, with lateral excursions of the order of 15 m (50 ft). These small
excursions, or overshoots, indicate that an 800-m (2500-ft) separation of final
approach paths, and therefore runway scparation, i1s a reasonable goal.,

These flights also demonstrated the feasibiiity of shorter final approaches
for terminal-area operations during very low visibility conditions. Shorter
tinal approuaches coupled with improved ATC techniques give promise of shorter
comnen paths for merging aircraft and therefore a potential for increased air-
port capacity., Flare performance using the MLS flare beam (EL2) was seen to
compare favorably with that accomplished when conventional radio altimcter tech-
niques were used; and use of the MLS for roll-out demonstrated the potential for
improved guidance on the runway,

Advanced display concepts developed under the TCV Program were shown to be
compatible with the MLS, and the ac.uracy of the MLS signals permitted these
displays to be used to their fullest advantage by the pilots both in monitoring
and contrulling with precision the close-in flight profiles. Also, the EHSI
proved to be of significant value for execution of flight plan changes or
manual performance of diversionary maneuvers,

It should be noted that the demonstration flights were conducted under
severe wind conditions which would ordinarily have required runway assignment
changes fo. final approaches or rerouting to other airports in the cases of com~
merclal airline tvaffic. Atmospheric conditjions included high winds with
strong pusts resulting in tail wind components of 20 to 25 knots, cross-wind
coemponents of 20 knots, steady tail quartering winds of 20 teo 25 knots, and
shears in excess of 50 knots per 30 m (100 ft).

Problems currently existing in terminal-area operations of the civil atr
transportation system can be expected to intensify in the tuture, New flight
procedures and advancements in flight control, navigation, and guidance systems
designed to take maximum advantage of MLS, and other advanced ATC equipment,
offer potential solutions to these problems as well as economic advantage. The
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DESCRIPTION OF AIRCRAFT

The augmentor wing wan designed as a low=cost, low-specd research vehlele
that could be used to investipate the operatlional characteristics of a
powered=11ft jet STOL aircraft in the environment of the terminal area
including takcoff, transition, approach, and landing. The afreraft, shown
in figures 1, 2, and 3, was modified from n deHavilland € 8BA Puffalo whlch
was donated by the USAF, The G. E., T-64 turboprop engines were replaced by
R. R. Spey turbofans., The wing arca was reduced by removing about 2 m -
from each wing tip, and fixed, full-span slats were installed on the leading
edge. The landing gear was fixed in the down position and modificed to
accommodate a higher gross weight. The spring tab controlled elevator
system was changed to a hydraulic powered unil, and the conventlonal double
slotted flaps were replaced with an entirely new augmented jet flap system.
This flap, illustrated in figure 4, consists of two nearly parallel surfaces
with a continuous double slot nozzle located between them which acts as an
ejector pump with air drawn in from both the upper and lower surface of the
wing.

Air for the flap nozzles is provided by the fan scction of the Spey
compressors. The lower nozzle is supplied by air from the engine on the same
side of the airplane, while air for the upper nozzle is cross ducted from the
opposite engine. This arrangement reduces the asymmetry which would occur
should an engine fail during takeoff, approach, or landing. The purpose of
all this is to augment the thrust from the ejector nozzle and also to induce
airflow over the surface of the wing which increases its lift. The aft
portion of the lower surface of the flap is hinged so that it can be closed
thereby choking the augmentor and spoiling the 1lift. The outboard chokes
are used for lateral control while the inboard chokes are modulated for direct
1ift control. Additional lateral control is obtained from drooped ailerons
provided with BLC and from spoilers located in front of the ailerons.

The hot gases from the Spey engines are exhausted through Pegasus-type
swiveling nozzles which are located on both sides of each engine nacelle,.
They can be positioned from nearly straight aft to slightly forward of the
vertical and are controlled by levers located adjacent to the overhead
throttles in the cockpit. During the approach where the nozzles are deflected
nearly normal to the flight path, they contribute about 1800 newtons
(8000 1b) of direct 1ift to the airplane. However, this is only a small part
of the powered 1ift that is achieved by the augmentor wing as shown in
figure 5. This bar graph compares the airspeed that corresponds to a given
angle of attack with varying amounts of thrust. The center bar represents
our nominal approach conditions, 65 knots at 4° angle of attack, utilizing
about 2/3 of the available thrust. If there were no thrust, the airspeed
corresponding to this angle of attack would increase to 100 knots. The
thrust from the swiveling nozzles would account for only about 7 knots of
this differeace. Applying maximum thrust, which might occur during a
wave off, would decrease the airspeed by about 10 knots.
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Following the initinl documentation and proof-of-concept flight testing,
the aireraft was equipped with STOLAND, This 18 an experimental digital
avionica system which, through 1ts computer, senne-d and servos, can drive
any or all of the primary and aeccondary controls, 7This allows us to indepen=
dently vary the 11ft, drag and stability characteristics of the augmentor wing
80 a8 to represent the response characteristices of a wide rangn of alrcraft
nf thin class. Subscquent flipht teeting has emphasized the cramination of
STOL handling qualitivn over as broad a renge of these characteristlcs as 1s
practical.

Most of these flight tests werc conducted at a Naval Auxiliary Landing
Facility called Crows Landing, located in the San Joaquin Valley of California.
The approaches were conducted on a 7-1/2° glide slope with guidance provided
by an experimental microwave landing system called MODILS., Some of these
approaches were hooded to simulate instrument meteorological conditions. The
landings were made to a 518 m * 30 m (1700 x 100 ft) STOL strip marked out on
one of the main runways.

DISCUSSION OF RESULTS

The environment in which the airplane has operated, in terms of wind and
turbulence, is indicated in figure 6. The points represent the maximum wind
velocities and direction relative to the landing runway. The lines extending
from the points indicate the gust factor. The grid resolves them into their
headwind and crosswind components. These are tower reported winds which do not
accurately depict the conditions at the touchdown zone but are at least
representative. Approaches with headwinds of 30 to 40 knots and 10- to
15-knot gusts were negotiated without great difficulty although they did take
a considerable length of time and were sometimes subject to large flight path
excursions. Landings with crosswind components in excess of 20 knots were
relatively easy even though the decrab maneuver of some 20° required full
rudder. The most critical condition in terms of both safety and performance
was approach and landing with a tailwind component. The higher descent rates
tax the capabilities of both the aircraft and the pilot,and landing distance
increases dramatically. This is illustrated in figure 7 which depicts the
results of some landing performance tests. These landings were performed
on two back-to-back flights, the first of which was made with a light tail
wind which steadily increased to about 10 knots as the flight progressed.

The second sct of landings was made into the wind. It is apparent that as the
wind velocity approaches 10 knots, landing with the wind rather than intc it
effectively doubles the stopping distance.

It was recognized early in the design of the augmentor wing that stabil-
ity augmentation would be required to achieve satisfactory handling qualities.
This is typical of those aircraft which operate at high 1ift ccefficients and
low dynamic pressure. The initial flight tests were made with a lateral-
directional SAS which provided positive spiral stability, increased roll and
yaw damping, and improved turn coordination. Later in the program, more
advanced augmentation schemes were examined, Attitude command and rate-
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command attitude hold werce eviluated in both the pitch and roll axis. With
attitude command, the ahllfty to return the aircraft to wings level and trimmed
pitch attitude was appreciated Ly the pllots; however, the sustained control
forces and deflectlons required when mancuvering in either pitch or roll were
objectionable. With thuse configurations which required pitching the aircraft
for flight path control, the trim button which was used to change the refer-
ence pitch attitudce became a primary but somewhat awkward controller. Because
of this the pllots scttled on 1ate conmand attitude hold as the basic SCAS
configuration. It should he pointed out that acceptable STOL approaches and
landings were performed without any SAS or SCAS in light to moderate turbu-
lence, but only under visual) flight conditions.

Having arrived ot an acceptable stability and control augmentation
scheme, we proceeded to cxauine those characteristics which are peculiar to
powered lift. These, of course, occur primarily in the longitudinal axis as
shown in figure 8. With conveotional aificraft, the thrust exerts a force
along this axis which in steady [light balances the drag force. Changes in
thrust produce a Tongitudivel aceeleration.

The concept of powvered 1ift implies that the lift produced by the wing
is dependent upcn the smoont of thrust applied. In order to achieve a low
approach speed and waintain 2 steep descent angle, the thrust must be also
deflected or turned so as to properly balance the longitudinal and normal
forces. 1In this exawple, tbe thrust vector includes the contribution of both
the cold air from tbe flap nozzle and the hot gases from the swiveling nozzles.
Changes in thrust uov iwcrense the 1itt which produces more change in normal
force than longitudingl acceleration and in some cases may even cause the
aircraft to decelerate vhen thrust is increased. This provides the pi.ot
with a powesful mcans by which he can change flight path angle but leaves him
somewhat at a loss as to how to manage airspeed control. In the case of the
augmentor wing, the sisfveling nnzules which divert the hot gases from the
Spey engines provide an erf{vetive means of changing airspeed. As the pilots
gained experience and familiarity with the airplane, they learned to use the
nozzles in conjunction with the throttles to adequately control the flight path
(and airspeed). Howewer, in tle presence of turbulence and wind shears, the
piJot workload became quite hiph and thete was sometimes confusion as to
which set of levers to move first. In an 1FR environment, glide slope
tracking was poor, therefore the pilots concluded that the use of three
different controllers lor the wvnapewent of the longitudinal task was too
much to cope with [ov cvervday operation.

Leaving the noszies tived ot rome predetermined value requires the pilot
to control airspeed by chimping piteh attitude, If the effective thrust
turning excecds about ¥0", adverse coupling can occur between thrust and

longitudinal accelevaiicg vhiioh will compound the control problem. As thrust
is increused at corctno coTiude, afrspecd decavs, which puts the

aircraft further on oo ok fde of the thrast required curve,  As this
occurs, th~ flighi o oy uee dluiniches and the pilot is forced to add
still more power. Cthe problen s illusctrated in ligure 9 which is a time
history of an apimoa-h vith o contrpuration which has substantial adverse

thrust-airspeced coupling,
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Clide slope intercept is from above and is initiated by a change in
pitch, Tracking is accomplished with thrust while attitude is held relatively
constant. At about 80 sec the aircraft starts to descend below the glide
slope which prompts the pilot to add thrust. Airspeed decays though, and the
aircraft descends still lower until the thrust is at the maximum allowable
and the airspeed is well below the desired value.

The obvious soluiion to this problem, to everyone but the pilot, is to lower
the nose to gain alrspeed. However, to be effective, this requires a fairly
large change in attitude — at least 5° and the initial respomse of the
airplane is to descend even steeper. Furthermore, the recovery time to regain
airspeed is such that the approach had best te abandoned.

One question which the pilot must address with a powered-lift aircraft
is how much power can be used in the approach. Assuming he has the option
of changing the inclination of the effective thrust vector by either flap
or nozzle deflection or by some other means, he can increase the amount of
thrust used and thereby reduce the approach speed while maintaining the low
effective 1lift to drag required for the steep flight path angle. In other
words, the approach speed depends upon the amount of thrust used; but the
margins in terms of flight path capability depend on the excess thrust *
available.

Our pilots felt that they would like to have the capability of achieving
level flight without requiring a change in configuration. Assuming that this
performance is available under standard conditions, the pilet must also
concern himself with what adjustments must be made to accommodate temperatures
above standard and higher altitudes, Figure 10 presents a chart which was used
for this purpose with the augmentor wing. It allows the pilot to determine
what rpm is requir.d to achieve the thrust that would be realized on a standard
day. For example, our approach speed was predicated on a nominal 93 percent rpm
for standard day conditions. For a day on which the temperature was 10 degrees
above standard, 94.5 percent rpm would be required, and if in addition, the
field elevation was 1000 m (3280 ft), about 97 percent would be needed. Under
these conditions, there would be insufficient thrust remaining to allow adequate
flight path corrections. In this case our pilots would select a lesser nozzle
deflection and accept a higher approach speed with its reduced thrust
requirement.

SUMMARY OF OPERATING PROBLEMS AND CONSEQUENCES

Perhaps the greatest asset of a STOL airplane in terms of safety is its
low closure rate to the intended touchdown point. It allows the pilot time
in which he can observe, react, and make corrections. Powered 1lift is an
attractive means of achieving this performance while still maintaining the
high speed cruise and efficiency of a jet airplane. There are, however,
certain operating problems which are inherent to the concept. Some of these
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are listed in table I along with the implications they might have on either
the design or operation of the aircraft. They are divided into two categories,
the first of which includes those problems which are brought about by
operating at low dynamic pressures and high 1lift coefficients. Our experience
has shown that the low aerodynamic stability and damping associated with this
condition will require some form of augmentation in order to provide satisfac-
tory handling qualities. The effect of wind naturally becomes more pronounced
as its velocity becomes greater relative to the approach speed. More direc-
tional control is required to accommodate the higher sideslip or crab angles
associated with a given crosswind component. In addition, turbulence or
gustiness will probably dictate a requirement for increased flight path
control. Runways whose length is determined by no-wind stopping distance are
comfortable to land on in a head wind but suddenly become too short with a
light tailwind component.

The second category includes operating problems which are the direct
result of powered 1ift. The first three of these are the subject of discussion
in reference 1. T would like to comment on them from the viewpoint of a pilot.
The first two items should actually go together, since the adverse effects of
speed variations are due in part to the pcor ability to control airspeed.
Because of the operation on the backside of the thrust required curve, these
aircraft will probably experience greater flight path excursions when encoun-
tering wind shears. Airspeed management through the use of an additional
controller to be operated by the pilot seems impractical, so some form of
automatic speed stabilization may be required. Adverse coupling can, of
course, be minimized by design, but if the full performance benefits of the
powered lift system are to be realized, some form of control augmentation
may be required. The final item is a fact of life which must be accounted for
in the day-to-day operation of this type of aircraft., The use of flat-rated
engines will alleviate the situation because takeoff thrust will be available
under all conditions up to the rating limits. However, charts will still have
to be used to determine proper thrust settings, and operation outside these
limits will sometimes require a configuration change if adequate safety
margins are to be preserved.

REFERENCE
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TABLE I.- SUMMARY
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Operéting problems Consequences

Due to low speed

Reduced stability and damping SAS or SCAS required

Effects of wind and turbulence Increased control required

Field length more sensitive to wind

Due to powered lift

Poor ability to control airspeed More sensitive to wind shear
Adverse effects of speed variation May require speed stabilization
Possible adverse coupling between Can be minimized by powered-lift
thrust and airspeed system design

May require SCAS

Increased effect of temperature Landing performance must be
and altitude on landing performance computed like takeoff performance
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FLIGHT EVALUATION OF ADVANCED FLIGHT CONTROL SYSTEMS AND COCKPIT
DTSPLAYS FOR POWERED-LIFT STOL ATRCRAFT

James A, Franklin, Donald W. Smith, De Lamar M, Watson,
David N. Warner, Jr., Robert C. Innisg, and Gordon H. Hardy

NASA Ames Research Center
: e
SUMMARY N¢/'18084

A flight research program was conducted to assess the improvements, in
longitudinal path control during a STUL approach and landing, that can be
achieved with manual and automatic control system concepts and cockpit dis-
plays with various degrees of complexity. NASA-Ames powered-1lift Augmentor
Wing Research Aircraft was used in the research program. Satisfactory flying
qualities were demonstrated for selected stabilization and command augmentation
systems and flight director combinations. The ability of the pilot to perform
precise landings at low touchdown sink rates with a gentle flare maneuver was
also achieved, Flight research is in progress to demonstrate fully automatic
approach and landing to Category I1la minimums.

INTRODUCTION

Demands which are anticipated to be placed on the operation of STOL trans-
port aircraft due to requirements for precise glide-slope tracking, short field
landing performance, acceptable landing sink rates, and adequate safety mar-
gins, are expected to dictate a precisicn of control during the transition,
approach, and landing exceeding that which is realized by current-generation
jet transport aircraft. The ability of STOL aircraft, particularly those util-~
izing substantial amounts of powered-1lift, to meet these demands may be impeded
by tendencies toward sluggish and highly coupled response associated with the
low-speed operation, high wing-loading, and substantial thrust turning repre-
sentative of these designs., For example, pitch attitude control is compromised
by poor static stability, by substantial trim changes due to thrust and flaps,
by turbulence disturbances, and by an easily excited phugoid mode. Left
unattended, the phugoid substantially upsets flight-path and airspeed and
degrades glide-slope tracking during the approach., Even if precise attitude
control is achieved, the aircraft's response to pitch attitude is adversely
influenced by operation at low speed and on the backside of the drag curve (at
speeds where induced drag exceeds profile drag)., Sluggish initial flight-path
response to pitch attitude and the inability to sustain long-term path correc-
tions with a change in attitude make path control with attitude unsuitable.
While thrust is a very powerful path control, coupling of flight-path and air-
speed (as a consequence of large effective thrust turning angles) and thrust
response lags make thrust control of flight path unsatisfactory or even unac-
ceptable. Consequently, it may be necessary to develop flight control-and =~
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display concepts that improve the inherent control characteristica of this
typee of aireraft 1f the operational requirements are to he met,

The Ames Research Center's Aupmentor Wing Rescarch Alreraft is a
propulsive-1ift jet STOL transport that, hecausc of its configuration and
operational flight conditions, cxhibits some of the control characteristics
noted in t* foregoing discussion. The aireraft was developed for the pur-
pose of demeistrating the augmented jet flap concept for powered-1ift STOL
operation and to provide a powercd-1ift STOL transport aircraft for flight
dynamics, navigation, guidance and control, and STOL operations flight
rescarch, It was initially procured with flying qualities sufficient to per-
mit the exploration of its flight envelope and to demonstrate the performance,
stability and control characteristics associated with the augmented jet flap.
Following the proof-of-concept flight tests, a versatile digital avionics
system and an array of cockpit displays were installed in the aircroft to
extend its capability to support the research program noted above. Two
major efforts have been under way to

® define and evaluate stabilization and command augmentation systems
(SCAS) and displays for improving flying qualities associated with
a manually flown IFR approach and landing

® define and determine the approach and landing performance and pilot
acceptance of fully automatic flight control systems and associated
displays for visibility conditions down to Category IIla.

Among the more challenging tasks for either the pilot or an automatic
system to perform with these aircraft is glide-slope tracking and flare to
a precise touchdown. The following sections describe the results to date
of flight research conducted to assess the improvement, in longitudinal path
control during the approach and landing, which can be achieved for a given
degree of control system and display complexity. Although these control
systems and displays have been demonstrated on a specific powered-lift con-
cept, the nature of the path-control improvement is considered to be -, pli-
cable to other powered-lift aircraft configurationms.

SYMBOLS
IFR instrument flight rules
MLS microwave landing system
VFR visual flight rules
ZGT vertical acceleration derivative with respect to the throttle
control
A“as/AYss ratio of change of steady-state airspeed to flight path due

to a change in thrust at constant pitch attitude
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dy/du gradiont of f1ight with atropeed at the stabllized approach

condltlon - constant thrust
By aof BY ratto of the peal to steady-state change T thivht path due toa
MAX" 8B A o g 0ttt
chiange In thrast at eonstant plteh attitnd
AYMAX/Aﬁ ratio of the peak change In f1ipht path to the steadv-state ehange
o8 in piteh attitude
AYSB/Aess ratlo of the steady-state chanpes fn f1ipht path to plteh attltude

DESCRIPTION OF THE BASIC ATRCRAFT

The Augmentor Wing Research Aircraft (fig. 1) a de Havilland C-8A
Buffalo, modified by The Boeing Company, de Havilland of Canada, and Rolls Royce
of Canada to incorporate a propulsive-lift system. It has a maximum gross
weight of 215792 kg (48,000 1b) and a range of operational wing loadings of
215-272 kg/mé (44-55 1b/£t2)., The prepulsive-1ift system ntilizes an aupmentor
jet flap designed for deflectiuns up to 75°, Rolls Royce Spey MK 801-SF engines
power the aircraft with fan air, used to blow the augmentor flap, and with hot
thrust which can be deflected over a range of 98° through two conical nozzles on
each engine. Primary flight controls consist of a single-segment clevator for
pitch maneuvering and trim; ailerons, spoilers, and outboard augmentor flap
chokes used in combination for roll control; a two-scgment rudder for yaw
control; vectored hot thrust for path and speed control; and inboard augmentor
flap chokes for lift control. A more detailed physical description of the air-
craft and its characteristics is given in reference 1.

Before describing the SCAS, display, and autopilot concepts investigated
in this research program, it is useful to review the flight-path control
characteristics of the basic aircraft and to identify the objectives for
improving flying qualitics. Longitudinal path contrel can be accomplished during
the approach and landing by either modulating thrust or deflecting the hot thrust
component; however, neither the throttle nor nozzle controls are satisfactory
for approach or flare control. Since the approach is conducted on the backside
of the drag curve, pitch attitude is primarily used for speed control. Suffi-
cient, short-term path control in response to attitude exists to provide at
least marginally acceptable flare and landing precision.

Figure 2 illustrates the aircraft's stabilized path control capability
using either throttle or nozzle controls. Throttle control characteristics are
shown at the left for the approach flap setting, a nominal approach thrust
vector angle of 80°, and for thrust levels corresponding to engine speeds from
90 percent rpm to a maximum setting of 100 percent. A typical approach would be
conducted on a 7.5° glide slope at a speed of 65 knots. At the approach speed,
the aircraft is only capable of achieving flight-path angles from -4° to -11°
for this range of thrust settings. If pitch attitude is maintained constant
by the pilot or by an attitude stabilization system, this path control capability
is reduced to a range from -4.8° to -9.9° as a consequence of flight-path/
airspeed coupling (AuSS/A\'SS = -2.2 knots/deg) and the operation en the backside
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af the drag curve,  The steady {1 lpht-path/speced relatlonship at constant thruat
for the backatde condit ton Is  dy/du = 0,15°/knot and Tt degrades ol lub and
deseent performanee when speed (s allowed to vary ahout the approach referenece,

Flipht-path control capablllty that can he achloved by deflecting the
porelon at o nominal approach thrust setting of Y4 percent rpm s I lustreted
ot the right.  The fHght=path envelope e expanded over that avallable using
thrust control, with capabllity of achleving path anples of 2,7" to ~13,% for
the maxtmum range of nozzle anpgles from 6° to 104%,  The relatlonship of path
and speed response to the nozzle control at constant attitude Is conventional
in that posttive path Inerements are accompanied by inereased afrspeed and
vleo versa,

The transient responsce of [1ight=path and alrspeed te chrust for constant
attitude s shown In the time histories of figure 3. Flight-path inicially
responds quickly to the change in thrust and with an acceptable throttle sensi-
tivity (Z5T = 0,04 g/em or =0.1 g/in.). The equivalent first-order thrust
time constant is approximately 0,75 sec. However, the initlal path response
washos out to a lower value (ywax/Avgs = 2.1).  Alrspeed response is decidedly
unconventional in that speed decays following an increase in thrust and is in
turn reflected in the constant attitude path-speed coupling noted previously.

Time historicvs of path and speed response to the nozzle control at constant
attitude are also presented in figure 3 for comparison with thrust control char-
acteristics. The initial path response to nozzle deflection is slugiish com-
pared to the response to a thrust increment and the response may not be suffi-
cient for tight glide-slope tracking in turbulence. If quicker path response is
desi.cd, the pilot must initiate the correction with pitch attitude and follow-
up with the nozzle control to sustain the long-term correction. Coupling
between flight path and airspeed at constant attitude is conventional as was
previously noted. Some pitch control may be coordinated with the nozzle control
if the pilot desires to maintain airspeed.

These characteristics of flight-path and airspeed response to the throt+®.
and nozzle controls dictate that the throttles be used for precise glide-slope
tracking and that the nozzles be used to augment thrust control for gross path
corrections. Due to the amount of flight-path overshoot and path-speed coupling
associated with thrust control, it is difficult for the pilot to anticlipate the
amount of thrust required to initiate and stabilize a path correction., As a
conscquence, he must devote considerable attention to path and speed controi,
Attitude control may be used to reduce path-speed coupling by coordinating atti-
tude changes with the thrust control to minimize the speed excursions, However,
this requirement lor continuous control in the pitch axis increases the pilot's
control workload for plide-slope tracking., Furthermore, the control technique
is unfamilinr in that nose=down attitude changes are required to maintain speed
when the pilot increases thrust to reduce the descent rate, and vice versa.

Raw data 1FR plide=slope control down to a decision height of 60 m (200 ft)
with the throttles alone was glven pilot ratings of 5 to 6. These ratinpgs were
based on the Cooper=larper scale of reference 2 and were due to larpe path=speod
coupling and unpredictable flipht-path response, Path-control authority was alsoe
considered insutficient Tor p!ide-slope tracking in turbulence.  Asoa
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consequence, glide-slope control required coordinated use of the throttles and
nozzle controls and still was given pilot ratings of 5 to 6 due to the sluggish
path response to changes in the nozzle deflgction and the workload associated
with manipulation of the various controls,

The landing flare was routinely performed by pitching the aircraft to a
touchdown attitude with some adjustment in thrust to offset high angles of attack
or high sink rates at flare entry or to compensate for any floating tendency.
Response of the aircraft to the pitch rotation develops adequate normal
acceleration to check the sink rate to an acceptable level (AYMAX/AGSS = 0.55).
However, a pitch rotation on the order of 10° at a rate of 2 to 3°/sec is
required to check the sink rate to 1.8 m/sec (6 ft/sec) and this is considered
unsatisfactory for commercial operation. Flare and landing accomplished

primarily using pitch with an assist as required from thrust was given ratings
from 3-1/2 to 5.

In summary, the requirement to coordinate the use of three controls for
precise tracking and to establish the proper flare conditions presented the
pilot with an unsatisfactory workload. As a conmsequence, it is desirable to
improve approach path control by eliminating the path-speed coupling, by
reducing the number of controls required for path control, by quickening path
response for glide-slope tracking and flare, by desensitizing response tc winds
and turbulence, and by providing better tracking commands to the pilot.

DESCRIPTION OF THE FLIGHT RESEARCH PROGRAM

To achieve desired improvements in control and reductions in pilot workload,
combinations of experimental SCAS, display, and autopilot configurations were
chosen for evaluation in the flight research program. The SCAS configurations
that were evaluated are described in table I. The program proceeded with a
buildup in complexity of the control system for improving manual path control,
including a throttle-nozzle intercomnect to reduce the number of path controllers
and to provide path-speed decoupling; speed stabilization to eliminate the back-
side of the drag curve operation and to reduce the requirement for thrust
modulation; and flight-path SCAS to allow the pilot to control tlie flight-path
vector with pitch attitude so as to reduce the path-tracking requirement to a
single control. A fully automatic system was also mechanized foir glide-slope
capture, tracking, and flare. Evaluations of various displays were obtained
for selected SCAS options and for the autopilot mode. Raw data glide-slope
tracking was assessed for all the SCAS configurations., A flight director was
evaluated for straight-in approaches with the throttle-nozzle interconnect and
with the flight-path SCAS, and as an approach monitor for the automatic flight
mode. Detailed descriptions of the flight control and display modes are subse-
quently provided with the discussion of results obtained during the flight
experiments, Pitch, roll, and yaw SCAS was provided with all contigurations,

Landing approaches were flown on 4 7.5° glide slope at airspeeds trom
65 to 70 knots to landings on a 30 m by 518 m (100 ft by 1700 tt) STOL runwav
at NASA Ames' experimental flight facllity at the Crows Land ing, Naval afrficld.
Landing approach guidance was provided by a prototype microwave lLand ing svstoem
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(MODILS). Research pilots from NASA Ames, the Canadian Department of Transport
and National Aeronautlcal Establishment conducted the flight evaluations in this
program, Both VFR and IFR approaches were flown in ealm to 1ight wind condi-~
tions, Additional evaluations wore obtained whon possible with surface condi-
tions ranging from strong headwinds to Tight tailwinds and in light to moderate
turbulence. Pilot commentary and opinfon ratings based on the Cooper-Harper
scale were obtained for all configurations, The pilots' asscssments of the
acceptability of the manually controlled ilare and touchdown were based on the
consistency of landing performance (touchdown point and sink rate) which could
be achieved for a particular configuration rather than on the ability to land
at a specific point within a prespecified sink rate, Flared landiags were per-
formed to reduce the approach sink rate (4.3 m/sce or 14 ft/sec) to levels well
within the aircraft's landing gear limits (3.8 m/sce or 12.6 ft/sec).

DESCRIPTINON OF THE EXPERIMENTAL FLTGH1 CONTROL SYSTEM AND DISPLAYS

The aircraft's primary flight controls described previously can be driven
through servos commanded by an experimental digital avionics system (STOLAND).
This system was developed for NASA Ames by Sperry Flight Systems and is
described in reference 3. The major components of the system are a Sperry 1819A
general-purpose digital computer and a data adapter to interface the aircraft's
sensors, controls, displays, and navigation aids. The controls used for longi-
tudinal path tracking are the elevator for pitch sttitude stabilization and
the inboard augmentor chokes, throttles, and nozzles for vertical path and
airspeed control. The pitch stabilizatlion system is driven by an electro-
hydraulic series servo actuator limited to 38.5 percent of total elevator
authority. The inboard augmentor flap chokes are full authority controls which
are also driven by electro~hydraulic servos. The Spey engines' throttles and
hot thrust nozzles are driven by electro-mechanical parallel servos with full
control authority. Commands to these controls appropriate for the various SCAS
or automatic modes of interest are generated through suitable combinations of
sensor information processed when necessary bty complementary filters to retain
high frequency content while removing undesirable noise or gust disturbances.

The primary instrument displays .nd syvstem mode controls available to the
pilot are an electronic attitude dircetor indicator (FADT), which presents
pitch and roll attitude; aerodvanmiec f1ight paths raw glide-slope and localizer
deviation; and calibrated airspecd, vertical speed, and radar altitude in digi-
tal readout. Flight director command birs can be called up on the display if
desired. A multifunction display provides o moving map presentation of the air-
craft's position with respect to the dovived C1icht poth, as well as heading and
altitude status information. A mechanicnl horizontal situation indicator (HSI)
presents alrcraft heading and bearing 1o the navieat fonal atd as wvell as glide-
slope and tocalizer deviction., A mode st panel provides switches for engag-
ing SCAS modes, the f1ipht director, and various atopilot modes, A kevboard
and status display on the center conaode porr it v b ent oy and readout of
instructions to the digital comput er,
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DISCUSSION OF RESULTS

Results of manual control for raw data TFR approaches with the various SCAS
modes will be reviewed first., Contribution of these modes to control of the
flare and landing will be noted where appropriate. Next, the influence of
improved displayvs on manually flown approaches will be discussed., Finally,
experience to date with fully autumatic glide-slope tracking modes will be
reviewed. A summary of pilot ratings for the manual SCAS modes for raw data IFR
and flight director dispiays s provided in table II. The results shown encom-
pass the range of pilot ratings obtained in the flight evaluations for each
experimental configuration,

Contribution of Manual SCAS Modes

Throttle-nozzle interconnect — A simple means for reducing the flight path-
airspeed coupling and improving closed-loop flight-path control for the basic
aircraft ~an be provided by interconnecting the aircraft's throttle and nozzle
controls. This interconnect is mechanized by a constant-gain linear crossfeed
from the throttle to the nozzle control servo. The sense of this interconnect
is to reduce the hot thrust deflection for an increase in thrust, and vice
versa. An illustration of the influence of this interco -nect on the aircraft's
performance envelope is presented in figure 4 for a value of the interconnect
gain which essentially eliminates path-speed coupling at constant attitude for
the approach condition. The contours on the diagram are for constant throttle
position and nozzle angles. In comparison to the performance envelope of the
basic aircraft, which is reproduced on the figure, this control configuration
provides a substantial increase in path-control capability. A positive climb
angle of 1,7° can now be generated at 100 percent rpm, while a quite steep
descent of -14.5° can be obtained at 90 percent rpm. Improvements in dynamic
path response can also be recognized in the time histories for a step thrust
application shown in the figure. Flight-path responds quickly with no overshoot,
and very little change in airspeed is noted. This behavior would permit the
pilot to track the glide slope with the throttle alone and not require
significant pitch control to improve path response or maintain speed.

Pilot ratings froam 4-1/2 to 5 for raw data IFR operation to a 60 m (200 ft)
decision height represented some improvement over the basic aircraft and were a
consequence of the improved path response and reduced workload for speed control.
The requirement to modulate both the throttles and nozzle controls for glide-
slope tracking is relieved and with the disturbances to speed reduced sub~
stantially, the approach can be flown with a single control, the throttle.
Increased path-control authority provides better capability for coping with
disturbances due to turbulence and wind shears. The primary remaining deficiency
in path tracking and one that acceunts for the unsatisfactory pilot rating is
the instrument scan workload for lateral path tracking associated with the raw
data display. No modification eof flare control characteristics or technique is
associated with this configuration,
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Alrapced stabilization — Another means of eliminating the flight-path/
airspeed coupling induced by thrust control is to stabilize airspeed at the
selected approach condition. By prohibiting significant variation in airspeed
response to thrust, the dynamics of flight-path response to thrust can be
improved to the same extent as that provided by the throttle/mnozzle interconnect.
Speed stabilization also inhibits the backside of the drag curve characteristics
associated with the aircraft's response to pitch attitude variations thus
permitting attitude to be uscd for flight-path control. This system also reduces
variationeg of speed and flight-path in response to longitudinal gust components.

The system operates by driving the nozzles in proportion to speed error.
In the approach condition with the hot thrust deflected 80°, incremental
changes in nozzle deflection provide essentially longitudinal force control
and can produce up to *0.1 g of longitudinal acceleration within the nozzle
control limits. Wicth this authority, it is possible to counteract longitudinal
force perturbations of a magnitude associated with 6° changes in pitch attitude
or 1.9 knot/sec horizontal wind gradients.

Figure 5 illustrates the aircraft's dynamic response to pitch attitude at
constant thrust with the speed stabilization system operating. It is apparent
in the figure that, within the authority of the nozzles the aircraft is very
markedly operating on the frontside of the drag curve. Substantial changes in
flight path can be obtained with little change in airspeed. Capability exists
to achieve level flight with no throttle adjustments although large attitude
changes may be required. The dynamic response of flight path to the change in
attitude occurs with no overshoot. Consequently, the pilot may use a control
technique for the landing approach that relies primarily on pitch attitude
corrections for glide-slope tracking and requires only infrequent adjustments
in thrust for sustaining gross changes in rate of descent. When nozzle limits
are reached, the aircraft's response will, of course, revert to the backside
characteristics associated with the basic aircraft, and thrust modulation will
be required for glide-slope corrections.

The speed stabilization system also has capability to suppress flight-path
disturbances due to horizontal wind shear. When the system is engaged, it
drives the nozzles to counteract the accelerations associated with the shear
gradient, thereby reducing the magnitude of the change of airspeed, and
consequently suppressing the source of the flight-path disturbance. As indicated
previously, tne nozzle authority is equivalent to a 1.9 knot/sec horizontal
gradient, which, for the nominal approach sink rate (4.3 m/sec or 14 ft/sec at
65 knots on a 7.5° glide slope) at which this aircraft is operated, corresponds
to a spatial gradient of 13,3 knots/30 m (13.3 knots/100 ft). When the nozzles
reach an authority limit, the pilot still has substantial capability to
counteract subsequent path disturbances with an application of thrust.

Stabilization of airspeed at this selected approach reference permitted the
pilot to track the glide slope with the pitch control with only occasional
adjustments of thrust for large path angle changes. The flare could also be
performed with pitch as it could for the basic ailrcraft, although some thrust
reduction was required to inhibit a tendency to float. These characteristics
were the basis for pilot ratings in the 3-1/2 to 4~1/2 category for raw data
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approaches, The pilots expressed a desire for a morc authoritative path control,
and quicker heave recsponses for flight path changes on short final and for the
flare mancuver. Hence, they were unwilling to give the system clearly satisfac-
tory ratings., Speed excursions during maneuvers and in the presence of turbu-
lence were substantially reduced by the system and heace path distrubances which
would ordinarily be induced were lar ,cly suppressed.

Flight-path command and stabilization— Improvements in flight-path response
for glide-slope tracking and flare can be achieved by quickening the initial
path response to pitch attitude control, by providing increased stcady-state
path control authority with pitch attitude, and by reducing path disturbances
due to winds and turbulence. To obtain these improvements, capability must be
incorporated in the flight control system for quickly generating Increments in
1ift on the order of +0.1 to 0.2 g. This capability in the Augmentor Wing Air-
craft is provided by the inboard augmentor flap chokes. In the approach config-
uration, the chokes have an authority of *0.12 g. Flight-path stabilization is
achieved by driving the chokes in proportion to flight-path angle error based on
a reference established at the time of system engagement. Changes in flight-
path can be commanded by the pilot through changes in pitch attitude which drive
the chokes through the feedforward path. Additional path command quickening
could be obtained through a feedforward of column force (the attitude command
input); however, simulation studies indicated this additional command quickening
did not produce significant improvement in path tracking.

The speed stabilization system described previsusly was used in conjunction
with the flight-path SCAS to permit a frontside control technique to be adopted
for glide-slope tracking. An indication of the quickened response and increased
path control authority is shown in comparison with the basic aircraft and tle
speed stabilization system in figure 5. The incremental changes in path angle
in response to attitude are essentially equal (Aygg/fBOgg = 1.0); hence, it is
possible to effectively point the flight path vector in the desired direction
with the aircraft's pitch attitude. With this path quickening and path-control
authority, glide-slope tracking can be accomplished through attitude control
alone, thus considerably simplifving the pilot's longitudinal rontrol workload.

This system also provides a flare capability that permits a less dramatic
flare maneuver than that required for the basic aircraft to arrest the sink rate
prior to touchdown. Tt can be seen in figure 6 that the landing sink rate
for the basic aircraft is approximately 2 m/sec (6 ft/sec) as compared to 1 m/sec
(3 ft/sec) with the flight path SCAS. Furthermore, where a pitch rotation in
excess of 10° is required for the basic aircraft, this mancuver is reduced to
approximately 5° with this SCAS configuration.

The combination of flight—path SCAS with the speed stabilization system
allowed the pilot to fly the approach and to perform the landing using attitude
control alone. No throttle manipulation was required other than a conventional
reduction of thrust duriag the latter stages of the flare to counteract anv ten-
dency to float (as noted in the previous discussion). As indicated in table 11,
pilot ratings from 2 to 4 were given to this configuration for approach path-
tracking and ratings of 2-1/2 to 3 for the flare. Favorabhle conments werve
expressed with regard to the reduced workload, the improved heave respense, and
more docile flare requirements. Althouph path disturbances due to winds and
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turbulence were noticeably suppressed, this configuration offered very little
better performance than the speed stabilized configuration in this regard., The
pilot rating of 4 for glide-slope tracking was based on the workload associated
with the instrument scan for a raw data TFR approach. Improvements in this
evaluation that can be obtained with a flight director will be discussed
subsequently.

Influence of Displays

Raw data — The raw data information was provided by a conventional cross
pointer display located on the HSI. In comparison to a conventional ILS, the
glide slope and localizer cross-pointer needles were desensitized in proportion
to the approach path angle and the range from the runway landing zone to the
localizer transmitter. Sensitivity was set at approximately 1°/dot for both
indicators. A cross bar representing aerodynamic flight-path angle in the ver-
tical plane was available on the EADI, superimposed on the pitch attitude scale.
This display was useful in providing lead information for glide-slope acquisi~
tion and tracking, and for alerting the pilot to incipient glide-slope devia-
tions caused by variation in horizontal and vertical winds and turbulence. An
MLS box, superimposed on the EADI, offered a more integrated display for MLS
tracking and a potentially reduced scanning workload for the pilot. The EADI
and HSI displays are illustrated in figure 7.

Pilot evaluations for the SCAS modes noted in the previous section were
performed with the raw data information. Objections were registered concerning
the instrument scan workload between the EADI and HSI and one pilot could not
justify a rating better than 4 for glide-slope tracking with the best SCAS con-
figuration; this was because of the overall task workload contributed by the
instrument scan. Favorable comments were given to use of the flight-path angle
bar for glide-slope tracking. In some instances, the pilots felt this informa-
tion improved their ability to control glide slope enough to warrant a one-~half
to one unit improvement in pilot rating. Although the presentation of raw MLS
deviation on the EADI provided a more integrated display, the pilots felt this
offered little improvement for the task because it was still necessary to refer
to the HSI to get heading information for localizer tracking.

Flight director — The three-axis flight director consisted of commands for
the pilot's throttle, column, and wheel controls for glide-slope and localizer
tracking, maintaining the desired airspeed, and safe angle-of-attack margins.
This flight director was designed for the Augmentor Wing Aircraft under contract
by Systems Technology, Inc. and is described in detail in reference 4, Comple-
mentary filtered vertical velocity, vertical beam deviations and deviation rate
are generated for usc in holding altitude, and capturing and tracking the glide
slope. When in level flight, the inputs to the pitch bar present commands to
the pilot to maintain the altitude at the time the flight director was engaged.
Clide~-slope capture is initiated when the aircraft is within 30 m (100 ft) of
the glide-slopc beam. Subscquent glide-slope tracking may cither be done with
throttles or pitch control, depending on the flight control system configura-
tion. Schedule changes in thrust and pitch attitude are commanded as a function
of flap angle and initiation of glide-slope capture. Angle-of-attack margins
are protected through commands for increased thrust introduced to the throttles
when the angle of attack exceeds 10°. A limit on the thrust command
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corresponding to maximum authorized thrust (rpm = 98.5 percent) is included in
the throttle logic. Commands to maintain the reference airspeed are introduced
to the pitch bar in the event a speed stabilization system is not utilized dur-
ing che approach. Complementary filtered lateral beam deviation and deviation
rate are generated for lateral path capture and tracking.

The flight director provided a significant reduction in scanning workload
and a reduction in vertical and lateral excursions during the approach., The
aircraft genmerully arrived at a 30 m (100 ft) decision height better ~stablished
for a precise flare and landing when the flight director was used, ad in these
cases improvements in pilot ratings from one to two units were obtained. As
jndicated in table II, evaluation of the throttle/nozzle interconnect configura-
tion was improved from pilot ratings of 4-1/2 to 5 with raw data to 2 to 3 with
the director for operation to 30 m (100 ft) minimums. In this case, the direc-
tor logic was structured to command vertical path control through the throttles.
The flight-path SCAS configuration was given ratings of 1-1/2 to 2-1/2 with the
directer. For this configuration, path tracking commands were oriented to the
attitude control. The throttle and choke controls were integrated by the SCAS
for flight path command and stabilization.

Although very good results have been obtained with the flight director, it
should not be inferred that this is the only acceptable means of improving the
pilot's IFR landing guidance information. A well-integrated situation display
has potential for producing similar results. However, display system limita-
tions and the time available for further experiments did not permit these con-
cepts to be explored in flight.

Moving map display — A simulation evaluation of the coordinated use of a
moving map presentation on the electronic multifunction display (MFD) in con-
junction with the HSI and EADI was carried out to define the best use of the MFD
during manual approach and landing operation (ref. 5). The operation included
acquisition of reference terminal area flight paths leading to the final landing
approach, the approach itself, and go-arounds to and including holding patterns.
These operations were flown on raw data with either the map or HSI or using the
flight director for guidance with the MFD and HSI available to provide status
information. An indication of the display content is provided in figure 7.
While there appeared to be no consistent differences in tracking errors using
the map or HSI, the pilots had more confidence in their ability to maintain
geographical orientation during curved path tracking and establishing holding
patterns when using the map. Course predictor and history dots permitted the
pilots to better anticipate control requirements to capture the reference path,
acquire and maintain the curved track, and to enter a holding pattern. The HS1
provided better capability for localizer tracking during the final approach
segment. Pilot evaluations of task controlability and precision, utility of
status information, display clutter, and attentional workload indicated a pref-
erance for the map although it was felt that improvements could be made on this
display as well as on the HSI cor EAD1 displays. One suggested improvement was
to include a heading scale on the EADI; in combination with the MLS deviation
data on this instrument the heading scale could eliminate the need to refer to
the HSI during the final approach.
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Automatic Glide-Slope Tracking Modes

To date, approximately 105 automatic approaches and 25 automatic landings
have been made using the STOLAND flight control system, The carly results have
been characterized by glide~slope deviations of 8 m (#25 ft) accompanied by
significant fluctuations in rate of c¢limb and engine rpm with resulting incon-
sistent flare en:tries. Steps have been taken to improve the glide-slope track-
ing performance and to make the flare entries consistent, The results to be
presented demonstrate some of the problems related to providing good glide-slope
tracking for STOL aircraft and one solution to these problems.

In normal cruise flight the STOLAND automatic control system uses pitch
attitude to maintain path tracking and the throttles to control airspeed. When
the aircraft is in the STOL approach mode the control functions are reversed
such that throttles are used for vertical path tracking and pitch attitude is
used to maintain airspeed.

Figure 8 indicates that with the original automatic system design, the air-
craft oscillates about the nominal ~7.5° glide slope with a 10- to 12-sec period
and engine rpm varies from 92 to 98 purcent. Gain optimization studies carried
out in flight and on the simulator showed that little improvement could be
achieved using the existing autothrottle system. Due to hysteresis in the
throttle-fuel control, the automatic system apparently has inadequate bandwidth
for good glide-slope tracking. Consequently, the augmentor chokes were intro-
duced to quicken and improve the precision of path control. Figure 8 shows the
significant improvement in the glide-slope tracking resulting from the use of
direct 1ift control through chokes. The glide-slope error has been reduced to
less than *3 m (210 ft), path excursions are less than 1° and overall rpm varia-
tions reduced to 3 percent. On other STOL airplanes the thrust control may pro-
vide the required bandwidth for good tracking but if it does not, direct 1lift
control devices are likely to be required.

The poor path tracking evident in figure 8 did not greatly concern the
pilots monitoring the approach. They were much more aware of the elevator
activity, pitch oscillations, and normal acceleration levels. The source of the
elevator activity was a noisy airspeed signal that substantially reduced the
elevator activity when smoothed.

Two solutions to the pitch activity problem were cvaluated., First, the
velocity control gains were reduced; this proved unsatisfactory because velocity
transients that occurred during glide-slope capture persisted for an objection-
able duration. Second, the cutoff frequency on the airspeed component in the
complementary filter was lowered; this reduced pitch activity without compromis-
ing velocity tracking performance. The reduced control column and normal
acceleration activity did not greatly affect the path tracking but did make the
system more acceptable to the pilots,
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CONCLUSTONS

A flight research program was conducted to assess the improvements, in
longitudinal path contro}l during a STOL approach and landing, that can be
achieved with manual and automatic control system concepts and with cockpit
displays with various degrees of complexity.

Substantial improvements in manually flown IFR approaches can be obtained
with stabilization and command augmentation systems ranging in complexity from
simple thrust-thrust deflection interconnects to sophisticated path-speed sta-
bilization and command configurations. With the augmented aircraft given pilot
ratings in the 5-6 range for raw data TFR approaches to a 60 m (200 ft) decision
height, ultimate improvement to the 2-1/2 to 4 range can be achieved with the
most complex SCAS. The addition of a flight director to overcome deficiencies
of the raw data instrument scan permit the rating to be improved to the 1-1/2
to 2-1/2 category for operation to a 30 m (100 ft) decision height. Thus it is
apparent that fully satisfactory capability to manually perform IFR approaches
to current instrument flight minimums can be obtained for an aircraft of this
class. The ability to accomplish a gentle flare maneuver to a low touchdown
sink rate can also be achieved with systems which augment the basic aircraft's
heave response. Improvements in pilot ratings for the flare from the 4-5 to
the 2-3 category can be obtained.

Flight research is in progress to demonstrate fully automatic approach and
landing operation to Category IIIa minimum conditions. A substantial number of
fully automatic approaches and landings have been performed and recent improve-
ments in the glide-slope tracking logic have produced a satisfactory system con-
cept. Fully automatic flares to touchdown have been performed and refinement
of the automatic flare coirtrol is in progress. Once acceptable automatic glide
slope and flare controls e¢:e established, operational evaluations will be con-
ducted to explore operational procedures and approach path geometry.
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FACTORS INFLULNCING TOLERANCE TO VIND SHidakh 11 1Al AVFROACH

kichard . Dray
HASN Ames Researal Convaer

SUMMARY N rard - 1 8 0 8 5

Flight simulator studies were conducted to cramine the piloting problems
resulting from encounters with unusual atmnsplieric <i1cruchances late in landing
approach. Simulated encounters with disturhances, inciluding eramples derived
from accident data, provided the vpportunity to stucy aircraft and pilot
performance. It was observed that substantial delave in pilot response to
shear-induced departures from glide slope often sericucly amplified the
consequences of the encounter. In preliminary asscsemente, an integrated
flight instrument display featuring flight path us the praimary controlled
element appeared to provide the means to minimize such delays.

INTRODUCTION

This paper reports findings from piloted simulato: Lests conducted to
obtain a better understanding of the piloting problems iunduced by encounters,
in landing approach, with localized atmospheric disturbances such as wind shears
or downdrafts. This work was motivated by the incroared concern that followed
recent major accidents in which such disturbances were cunvincingly identified
as the cause. The formulation and conduct of these tects were influenced by
the background gained during NASA consultation with the wational Transportation
Safety Board (NTSB) during their investigations of these accidents.

To illustrate the real hazards of wind shear, this paper begins with a
review of two accidents from which descriptions of the atmospheric disturbances
were derived. The simulator tests, which include encounters with similar wind
environments, are described. Data and observaticns f{i1om these tests are
discussed. A flight instrument display principlc thai oppears to have potential
for improving tolerance to disturbances in lunding appreach is then described.

Examples of Wind-Shear Accidents

In December 1973, a DC-10 descended below glidcpath on an approach to
Logan Airport (Boston), striking the approach light standurds short of the
runway. The aircraft was destroyed, but fortunatcl+ there were no fatalities.
The aircraft had performed a normal coupled LS approact, wvith autothrottle,
to an altitude of 60 m. At this point, wvhile the pilot vas completing his
transfer from instrument te visual reference, he diucogaped the autopilot, but
left the autothrottle engaged. Data from the tlight tcecordor indicate a
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subsequent 10-knot loss in airspeed, accowpanied by an increasing sink rate,
Corrective action was first too little, then too late. This aircraft was
equipped with a very comprehensive digital flight data recorder (DFDR) that
provided the data defining the winds shown in figure 1. The shear from a
strong tailwind component at 150-m altitude to a light headwind at 50 m caused
the aircraft to overshoot the desired approach speed, even though the auto-
throttle had reduced thrust to near flight idle. When the shear terminated,
the aircraft decelerated toward its target speed, and an undetected sink rate
developed. This wind-shear-induced accident is uotable for its unusual
circumstances, not for the severity of the disturbance. At no time was the
performance capability of the airplane challenged — in fact, it struck the
obstructions at a speed slightly above its reference approach speed.

In June 1975, at John F. Kennedy Airport (New York), during local thunder-
storm activity, several aircraft encountered severe shears late on final
approach. The last of these, 2 727, hit approach light standards well short of
the runway, with catastrophic results. This aircraft was equipped with the
more common four-parameter foil recorder, providing insufficient data to define
winds with confidence. Six minutes before the accident, an L-1011 aircraft,
encountering a severe disturbance, had successfully executed a go-around. This
aircraft was equipped with a DFDR. The maneuvers of these two aircraft are
described in figure 2. Examining the flight paths and speed variations, the
observer is led to conclude that the disturbances experienced by the two
aircraft must have been very similar. Flight-path departure rates and speed
losses are nearly identical; however, the L-1011 had the good fortune to suffer
its encounter at a higher altitude than did the 727. Note that, in each case,
downward departure from the ILS path preceded the sharp spced decay by about
6 sec. The pitch and thrust data, as well as angle-of-attack data, from the
L-1011 enabled the derivation of the winds that aircraft encountered (fig. 3).
These data are plotted to the same time reference as the previous figure. The
initial disturbance, a substantial downdraft of nearly 10 knots (1000 ft/min),
was followed by a 30-knot change in the along-track wind component. This
disturbance has been hypothesized to result from a localized cold air downflow
from a thunderstorm cell which, impinging on the surface, produced a high-
velocity horizontal flow radially outward. The meteorological situation at
New York at the time of the accident is analyzed in detail in reference 1.

The wind profile (fig. 3) played a prominent role in the simulator program
discussed here.

Atmospheric disturbances of the type documented at New York have since been
identified in accidents at Denver (727 take-off) and Philadelphia (DC-9 go-
around). Unfortunately, these airplenes were not DFDR equipped, and thus winds
cannot be datermined with certainty. Further details of the Boston, New York,
and Denver accidents can be found in references 2 through 4.
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SIMULATOR TESTS

Objectives

The examples of shear encounters just discussed contrast the case of
subtly induced sinking in the Boston accident with the awesome disturbances
experienced by the airplanes at New York. Fortunately, the severe cases are
rare, and warning is offered by the thunderstorms that breed them. It appears
that many other approach accidents and 'near misses" have been induced by the
more modest type of disturbance. Thus it was intended that the simulator tests
explore encounters with a wide variety of shears. Answers to the following
questions were sought:

1. In the present operational environment, what type and magnitude of
disturbance iepresent an obvious hazard in landing approach?

2. What are the pilot factors that might escalate the effects of a modest
disturbance to produce an accident?

3, What "onboard" means or techniques to reduce shear hazards appear
worthy of development?

Simulation

Facility — The tests were conducted in the Ames Flight Simulator for
Advanced Aircraft (fig. 4). This facility includes a transport-aircraft-type
cockpit, large-amplitude cockpit motion, and a Redifon TV-model board visual
simulation system. During these tests, the pilot station incorporated a
pneumatic "G-seat," on loan from the Air Force, which was intended to produce
the cues of sustained or lower frequency vertical accelerations.

Simulated aircraft — Airplane characteristics used in the simulator tests
were typical of a shori-range, twin-jet transport of the 737, DC-9 category.
The engines were assumed to be aft-fuselage-mounted, with thrust contributing
essentially no pitching moment to the aircraft. A landing weight of 43,100 kg
(95,000 1b) was used for all tests. Take-off static thrust per engine was
62,274 N (14,000 1b) with 10-percent overboost available., The approach
reference speed, Vyof, or "bug' speed, was established as 125 knots, approxi-
mately 1.25 times the speed for maximum lift in 1-g flight.

Cockpit controls and displays were conventional for transport category
aircraft. The attitude indicator/horizontal situation display (ADI-HSI)
were of the Sperry HZ-6 configuration. The ADI included an "expanded" pitch
scale, a "fast-slow'" indicator needle that was activated only for special
tests, and a glide-slope deviation needle. The flight director needles were
driven by signals computed in the basic simulation computer. The pitch command
signal did not employ the HZ-6 system logic; it was computed using the logic of
another commonly used flight director system. Pitch attitude commands
were derived from ¢ summation of pitch attitude and beam error. This system
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incorporated o wajor aitoreatfon of the beam-errvor input at middle-marker
passage.

An ILS-coupled nutopilot wode wos avatlable In the simulation. Glide-
slope guidance computation ter the autopilot included beamn-error rates derived
from vertical acceleration and was :epresentative in its capabilitics of the
newer "autoland" antopilor .ystems,

A "head-up" display ysten was used late in the tests to evaluate modified
flight data display concepts.  The symbologpy (discussed later) was optically
combined (with = miryor beameplitter) with the scene presented by the Redifon
visual simulation =yt he combined images were viewed through collimating
lenses.

Visibility sirwlrt/cr. — Redguced visibility due to cloud or fog was
simulated electrvonically. Visibility conditions as low as 30-m ceiling and
300-m visual range /RVP) <re sinmlated to the satisfaction of the pilots who
participated in the tesr:. 1In this program, no cases of Interrupted visibility
were simulated; the BV nevor de orewsed as altitude decreased.

Wind and tiplileras ciw 9700 - A large number of wind profiles (velocity
varying with altitode & fov 230 ) were established for the program. Three
"logarithmic" profile: i 1evistic of widely disparate atmospheric lapse
rates, constituted the Lasic evograrn.  On these shear profiles were superimposed
perturbations that dotinet i v v¢ shears varving in altitude of initiation,
total amplitude, and grodivat ity per unit altitude). Examples of the along-
track sbear profiles used in the tests are shown in figure 5. Crosstrack wind
profil~s were defiucd - covecetaye of the along-track amplitudes. A
"40-rercent" crosrwind compoiont hhom either the left or right was commonly
uses. In additicn tr these gooerelived altitude-dependent wind profiles, a
fecsimile of the atnourhe i watiations recorded in the 1-1011 (discussed
earlier) was programmed o a9 junctjon of distavee olong the approach path,
initiating at a point coo_copendine Lo that on the 727 encounter. Discrete
geographically detiuncd veorvieal drafts were also proprammed. Simulated random
turbulence, appropriate ' ihe wind cenditions, was superimposed on the shear
profiles.

TESTS

Six pilots who cvrrentl iy tumspomt category afrcraft participated in
the tests. Aftev appacpriste tamitiavication with the simulated aircraft, they
each flew apptroaches in ‘U o 30 different combinations of atmospheric dis-
turbance and visibilit.. A11 bot g tow sppoaches were manually contrelled,
with flight dirccter puidinee available, Exposure to the New York thunderstorm
profile was included well aleng in cooeh pilots experience in the simulation
while he was cvoly tiny divomt o o Tesner pagnitude, & strony effort was
made to creiate the 1o cis o varpire . roadivess, and sarpriec that characterined
the real encountoer:.,
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All approaches were initiated at an altitude of about 300 m. Normai
control tower information regarding winds and visibility were transmitted to
the pilot. In most cases of large disturbance, tower reports of previous
encounters were included. Use of conventional cockpit procedures, including
standard call outs, was encouraged. All pertinent pilot inputs and aircraft
responses were reccrded, and the pilots' observations were recorded on voice
tape after each aprroach. At the end of the simulator exercise, and during a
brief opportunity several months later, panel display modifications and several
electronic head-up display formats were evaluated subjectively in the presence

of disturbances.

RESULTS AND DISCUSSION

Aircraft Performance Potential

Since the response tc a shear encounter involves both pilot and aircraft
performance, it is appropriate to preface a discussion of the results with a
review of aircraft performance capabilities assumed in these tests.

Figure 6 represents an attempt to put in perspective the level of
disturbances experienced in the simulator relative to airplane performance
capabilities for both the generalized shear cases and for the New York profile.
Any point on this graph represents the duration of a "head-wind to tail-wind"
or "negative" shear of given rate of change (in knots/sec). A useful approxi-
mation is the equivalence, in terms of energy loss, of a 6-knot downdraft to
1-knot/sec shear. The top line defines the theoretical shear (or equivalent
combination of shear and downdraft) that can be tolerated without leaving the
glidepath or falling below stall-warning speed — ©f take-off thrust is instan-
taneously available at the onset of the disturbance and appropriate pitch
corrections are made. The lower curve represents the case of continued
approach thrust. The crosshatched area is an envelope of all the generalized
disturbances experienced in the simulator tests. Also indicated is the distur-
bance level of the New York profile. It can be seen that the generalized shear
cases do not challenge the aircraft's performance potential., On the other hand,
the New York profile leaves a comparatively small margin of performance.

Observations from Simulated Encounters

The simulator exercises provided a wealth of observations — and generated
some new questions — regarding the significance in shear encounter of factors
such as training, individual piloting techniques, flight director logic, and
concurrent transfer from instrument to visual references. However, most of
these points deserve more analysis and perhaps more experimentation before they
are reported. This paper is limited to a discussion of pilot response delays
in wind-shear encounters and means to reduce those delays.

New York shear profile — As indicated earlier, each of the six pilots in
the simulator program suffered one well-conditioned encouater with a model of
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o the New York downdraft-wind-sheuar phenomcnon., In two of the six simulated

i encounters, the alrcraft descended to altitudes where they would have
encountered obstructions, in almost cxact duplication of the 727 accident., A

' third resulted in a near miss, and the remaining three recovered with sizeable
;ﬁ terrain clearance. Figure 7 compares the smallest and the largest altitude

o divergences seen in these cencounters. While one of the simulated aircraft

; in effect "crashes," the other executes a successful go-around with a minimum
e altitude of 40 m, only 20 m below ILS glide-slope altitude. The single most
important difference in pilot response is seen In the record of thrust. The
successful pilot perceived the sink rate induced by the downdraft and had added
substantial thrust by the time the shear was encountered. The pilot also
pitched the aircraft to regain near normal sink rate. When the speed was seen
to decay even farther, even with the initial addition of power, take-off thrust
was immediately applied. Speed did not fall beiuw 124 knots. The other pilot
made no significant response to the downdraft. Ln rcsponse to the rapid
decrease in airspeed due to the shear, power was tentatively added. By the
time this response was recognized as inadequate, the aircraft was below 30 m,
in a high sink-rate condition, and 10 knots below approach reference speed —
recovery was highly improbable.
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Further evidence of the value of quick response is seen in figure 8, which
illustrates the performance of an autopilot-autothrottle system in an encounter
' with the same profile. Flight path was held tightly, but with significant
}ﬁg speed loss., The automatic systems perceived and acted with a very modest delay.
' As indicated in figure 7, the pilot cannot be counted on to act as effectively.

Generalized shear program ~ The performances recorded in the other distur-
bances can be reviewed for further evidence of the perception problem. As
might be expected, since these disturbances did not seriously challenge airplane
performance and the pilots were considered well warned, no simulated accident.
occurred. There was a small number of aborted approaches and several hard
landings. Subjective observations by the pilots were highly variable for the
lesser disturbances — sometimes the disturbance was hardly noticed; at other
times, the same disturbance caused a very significant workload. The shea:s
that the pilots considered hazardous were of the highest amplitudes and
gradients, for example, 15-20 knots in 30 m of altitude, and initiating below
100-m altitude. Figure 9 shows characteristic values of speed and altitude
losses for several levels of shear intensity. The shaded points represent the
larger disturbances. Generally, these levels of speed and flight-path
deviation do not seem large or dangerous; however, if they are considered to
occur very low in the approach, at times in low visibility, the hazard is more
apparent. The observation can be made that the energy losses represented in
these excursions represent roughly 75 percent of the energy loss in the distur-
bance input. This would indicate delay in cffective countering of this loss
by the pilot.

Figure 10 illustrates examplc respunsce times for thrust and pitch inputs.,
From the data represented by the c(ircled pointy, a wide variation of responses
is seen. This might be expected duc tu ditfcrences In rates of onset of the
disturbance, as well as variations in flight (ondition at the point of onset.
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Initial thrust iesponses are seen within 3 to 4 sec, indicating tight monitor-
ing of airspeed. However, pitch attitude increcases required to arrest the
increased sink rate occur 6 to 10 sec after shear initiation, indicating that
flight-path angle or rate-of-descent divergences are slow to be recognized.

“he response lags shown for the simulated New York shear encounters are
ev re pronounced. The quickest responses were exhibited by the pilot that
) .aneously added thrust and pitched up within 5 sec of the disturbance
onset. The delays in thrust addition are presumed due to the fact that the
initial disturbance was a downdraft that did not create an immediate speed
decay. The delays in pitch response are more surprising in view of the immedi-
ate increase in sink rate induced by the downdraft.

Means for Improving Flight-Path Control

These observations of performance in shears led to the conclusion that
conventional displays do not provide the pilot with the means for uninterrupted
awareness of his flight path, and that visual cues outside the aircraft
can also be tenuous. As indicated earlier, the tests were concluued with
evaluations of display concepts aimed at improving the pilot's capability to
control speed and flight path in strong disturbances. By far the most encour-
aging results were obtained using the electronic head-up display equipment
available to the simulator to create integrated displays of various configura~
tions. The format described in figure 11, which has been the subject of very
brief experience in the simulator, appears to essentially eliminate the path
and speed perception delays demonstrated with conventional displays. In
addition to the fixed airplane symbol and moving horizon, the display includes
the following elements: a runway symbol, in approximate perspective, with a
touchdown reference point; a glide slope angular error indication, referenced
to a negative three-degree pitch scale index; a flight-path symbol, referenced
to the horizon; and a speed error indication referenced to the airplane symbol.

The effectiveness of the display in reducing time delays in the perception
of flight-path changes results from the fact that the flight-path indicator
can be substituted for the airplane symbol as the primary controlled element.
To correct the flight situation illustrated, the glide-slope line is simply
tracked with the flight-path symbol, resulting in a convergence as indicated
in figure 12. In the experiments, the flight-path information was assumed to
be inertially derived, and a small component of lagged pitch rate was added to
compensate for the normal time lag between attitude and flight-path response.
The speed error symbology was well received and could usually be sensed in
peripheral vision while concentrating on the flight-path symbol.

Several ioints regarding this display concept must be discussed. The
concept of flight path as the primary element is not original here; it is
utilized in a well publicized commercial HUD system. The format shown is not
a developed display. While it demonstrates effectiveness in tracking the glide
slope, it is inadequate for lateral guidance without additional information.
There is no reason that the concept cannot be used in a pancl-mounted display.
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N CONCLUSIONS

Analysis of simulator data and accident records indicates that the
consequences of wind-shear encounters are seriously aggravated by delays in
o perception of speed and flight-path divergences when conventional cockpit
“} displays or visual references are used. The significance of these delays is
i apparent when piloted performance is compared with the performance of a modern
autothrottle system in the same disturbance. Cockpit display concepts,
- integrating flight-path and speed information, hold promise of eliminating delays
_{ in pilot perception and are worthy of concerted development efforts,
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DELAYED FLAP APPROACH PROCEDURES FOR NOISE ABATEMENT
AND FUEL CONSERVATION

Fred G. Edwards, John S, Bull, John D, Foster,
Daniel M. Hegarty, and Fred J. Drinkwater, III1
NASA Ames Research Center

7

SUMMARY OO 140 86

The objective of this program is to investigate the Delayed Flap Approach,
which is an operational. procedure designed to reduce fuel and noise in the
landing approach of a jet transport. This report will describe the delayed flap
operational procedures, discuss pilot acceptability of those procedures and dis-
plays, and show fuel/noise benefits resulting from flight tests and simulation.

INTRODUCTION

The conventional jet transport stabilized landing approach procedure
requires moderately high thrust settings for an extended time, with the
accompanying community noise impact and relatively high fuel consumption.
Significant reductions in both noise generation and fuel consumption can be
gained through careful tailoring of the appsoach flight path, the operational
procedures, and the airspeed profile. F¥rr example, the noise problem has
been attacked in recent years with development of the two-segment approach,
which brings the aircraft in at a steeper angle initially and achieves noise
reduction through lower thrust settings and high altitudes during most of
the approach (refs. 1, 2). '

Also, the Air Transport Association (ATA) merber airlines have develcoped
and instituted the "reduced flap" noise abatement landing procedures through-
out most of the domestic airline systems (ref. 3). Fer this appreach, the
aircraft flies the standard straight-in path, but maintains a flap setting
"one notch less" than minimum landing flap setting until final landing flap
deployment at about 305 m (1000 ft) altitude., The tinal landiny rlap selected
would be the minimum certified landing flap setting which is permissible for the
particular landing. The intent is to assure that final appreoach stabilization
is achieved at not less than 152 m (500 ft) above field elevation.

More recently, Lufthansa German airlines pioneered a low-drap/low-pover
approach technique (known as the TIPTOE approach) and has made it their stan-
dard ILS approach procedure (ref. 4). This technique is being considered for
adoption by the International Air Transport Association (IATA) for use by all
member airlines at landing fields where ground facilities permit. The target
stabilization altitude for the IATA approach is 305 m (1000 ft) above field
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elevation. Both the ATA and IATA techniques comprise a decelerating process,
employing delays and/or reductions in the extension of the landing gear and
the use of flaps, with a consequent reduction in the amount of power required
to conduct the approach. Both are “thumb-rule' techniques, where pilot action
is keyed on alrcraft velocity and altitude above the ground and DME informa-
tion when available.

The NASA/Ames Research Center is currently investigating the so-called
"delayed flap' approach (refs. 5-7) where pilot actions are determined and
prescribed by an onboard digital computer. The onboard digital computer
determines the proper timing for the deployment of the landing gear and flaps
based on the existing winds and airplane gross weight. Advisory commands are
displayed to the pilot. The approach is flown along the conventional ILS
glide slope but is initiated at a higher airspeed and in a clean aircraft
configuration that allows for low thrust and results in reduced noise and fuel

consumption.

The procedure is an application of energy management concepts, where the
proper timing of the deployment of the landing gear and flaps is used to
dissipate the energy in a controlled manner while the engines are at low
throttle setting.

This procedure has several advantages over the ATA and the Lufthansa types
of approaches. The computation capability provides for consistency of opera-
tions and allows additional noise relief and fuel savings. The system has the
potential for increasing operational safety by lessening pilot workload and
providing an energy management engine-out landing capability and a wind shear
detection and warning function. The primary disadvantage is, of course, the
requirement for additional avionics. Definition of this equipment and
associated costs are the subject of an ongoing study.

The elements of the Ames delayed flap program consist of operation with
the NASA Convair 990 airplane (shown in fip. 1) and application of the concept
to other aircraft.

The program has proceeded through an analysis and a piloted simulation
phase and more than 100 hr of flight test evaluation onboard the CV-990,

The results of the flipght test evaluation which show the fuel and noise
benefits wi'l be presented and discussed. The results of a limited puest
pilot evaluation of the procedures will also be presented.

Ames has contracted with the Boeing Commercial Airplane Company to
investipate the benetits and problems associated with the applicatien ot the
delaved flap concepts to an ajrceratt in the current fleet.  he results of
the Boeing analysis of the fuel and noise benefits tor the Boeiny 7.7 airplane
are complete and will be presented.
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OPERATIONAL PROCEDURES AND DI1SPLAY CONCEPT

Figure 2 shows a typical delayed flap approach for the CV-990. In con-
trast to a conventional stabilized approach, which is flown at a constant air-
speed of about 150 knots and moderately high thrust settings throughout the
approach, the delayed flap approach begins at a higher initial airspeed,

240 knots and decelerates at idle thrust through most of the approach. The
pilot intercepts the ILS glidepath at about 10 n. mi. from touchdown and at
approximately 900 m altitude. He then retards the throttles to the idle
detent and begins a slow deceleration. At about 6 n. mi. and 230 knots,

the pilot is given a command from the digital computer to lower the landing
gear. At about 5 n. mi. and 220 knots a command is given to lower approach
flaps, and flaps are commanded to the landing position at about 4 n., mi. and
200 knots. The aircraft decelerates to final approach airspeed at abcut

150 m altitude, at which point the pilot advances the throttles to approach
power and the last portion of the approach is flown at a stabilized airspeed
similar to a conventional approach. In headwinds, extension of landing gear
and flaps is delayed and in a tailwind condition, they are commanded farther
out in the approach. Thus, regardless of wind conditions, the aircraft is
always stabilized for landing at 150 m altitude, which is consistent with
current airline procedures.

Figure 3 shows the CV-990 cockpit and displays that the pilot uses to
perform a delayed flap aprwoach. In addition to the normal instruments arc
a fast/slow indicator which is part of the ADI, an alphanumeric message dis-
play, and a data entry keyboard.

The fast/slow display, which is commonly found in many current jet
transports, allows the pilot to monitor the energy state ot the aiveratt.
While on the glide path, thic instrument tells the pilot how the a roraft i
decalerating relative to the desired airspeed schedule. This is similar to
the way fast/slow Clsplays are normally used, except that the usual retereuce
airspeed is constant and not changed as in this case for a delayed flap
approach.

The message display signals the pilot wher to extend lundiny pear,
approach and landing flaps, and when to apply approach power. The jroper
timing of signals is accomplished by a digital computer onboard the (V=140
aircraft. In essence, the computer predicts the manner in whicn the alroraft
will decelerate during the opproach to landing, taking intc accouat the wind
and changing aircraft weight. Based upon this computed deccleration, th
computer signals the pilot when the flaps or gear is to be lowered by flashing
a command on the message display. When the pilot has taken the required
action, the display goes blank again until the next cvent is to cccur.  Ali
this is accomplished so that the aircraft arrives at the final approach
airspeed at precisely the right altitude and desired distance frov touchdovn,

The data entry keyboard provides a means for communicating with the
digita) computer. For a delayed flap approach, it would be used to jnjput
landing site data, such as the field elevation or ILY glide slope anelo,
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The equiprent shown In fipure § 1o et woan o bepresent an actual
alrline dnstallation, The digital corpevter cooter e the CV-9900 alrplane
were used In this program Lecauce ot thes cvn ittty and their chility to

; perform the requlired tasks, The avionice bt conte ve dnstaltbed ina cone-
o ventional Jet transport in orvder to have o aelaved Shap approach eopability
would be tallored to mect the reguirerents ar tie airlines,

RESULTS AXD DBTuClgiions

CV-9490 uperalions
: Noise Measurewent Pesults
T A series of noise measurements was made during the flight test evaluation

of the delayed flap approach in the NASA (V=990 oircraft at the Edwards Alr
Force Base (EAFR) test range. The purpesc was to reasure and compare the
noise level on the ground under the flight vath while using different types
of operational procedures which included the conveoticonal, the ATA reduced
flap and the delaved flap approaches.

_y A total of 10 noise measurement sites wis utilised.  Six of the sites were
L located on the extended runway centerline frop one o 0, wi. from the runway
=f threshold., The remaining four sites wvers “oaatel ol vorious sideline distances
' along the test range. These measurcwents vere ov'e with the assistance of
Dryden Flisht Research Center persenne: corcd oo Pipht tes~t series in
September 1975,  The noize rtecordimg eorivio 0 ane tie svond radar tracking
data were time correiated to provide te oy osacso o0 e cirveraft relative to

the sound measurement equipment during the toste,

2" The approaches were conducted during severa! dase ot Tl1ight testing
under conditions where the low 3ttited  wingn vordcw P bote 16 bnots

and the alrevatt weight varied oo SY,00 by beh e 1o te 00,000 kg
(141,000 1b) on the different approactes,  Tuoadeicicr o the elevation of the

. test site at EAFE was 690 m above rean woo levety oo Lo by oide-slope
ol_ﬂ angle was ¢,5°% which is Jower than the tey . ol o lide s lope found at most
o~ altports,  Thea factors complicate the aneiysie o dntorgretation of the
;,‘é data cince they aftfect the geemctrs of tho tov i org 1 soqu noe ot
:; operational procedures and the Fot enpaie cted e ey the apntoaches
& and thus, the noise and fuel reasurenectoe. G0 1o C Lacrent g ocepsistent
=~ set of data for direct comparisons © oot T e type s o appreaches,
it waus decided to use the intlight recetor Jog 0 o DL re oxniatiag
wg ' afrcraft acrodvnamles, engine nodoog ot bact v e e hueting Lhe
" parametoers of the corputer pedels tove Ty ao T o the g bt datay,
e the resulting wedels could e oased ot b i 0 e se e date Ty
g% direct conpartson vader fdertieal too0 o ind oy T R R A ST
i”°i “The €V 990 ireraft s L tonr ey e T YR S [ T 0
}: Yintduut thic alreratt 1, ecaupped Wit vone, | P ioo iy o 0L s8CL =3B turbetan
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computer analysls are given i seteronce 2o dhe subscequent flpures present
the results of thils computer analesl

Figure 4 shows the centorline noise Jevel pencrated by the CV-990 air-
craft on cach of three types of apyroaches:  the convent tonal, the ATA
reduced flap and the delavea flipe Theose data are for the more typleal 3°
approach path, The approaches are o1 for a no-wind condltion at an aircraft
weight of 81,650 kg (180,000 1h), Plotted Is the effective perceived noise
level in dB (EPNLAB) versas the rvange to touchdown in nautical miles,  Beyond
glide-slope capturc the aircraft In cavch case is flying at a constant 900 w
altitude. Clide-slope capture occurs at about Y4-1/2 n. mi. from touchdown.

The 150 m stabilization altitade for the delayed flap approach is
indicated at about 2 n. mi. Inside of I n, mi. the aircraft configuration and
thrust level are about the sawe for wvach approach and the noise levels are
about equal. Between 8 n., mi, and 2 n. mi. there is a significant reduction
in noise generated by the aircraft on a delaved flap approach. A 10- to
12-dB reduction is indicated over teth the conventional and reduced flap
approach.

The sideline noise data was alue pencrated for each of the three approach
types. These data were penv. ated by the computer neise model, which usced the
flight test sidelinc noise measnicueats to retine the model parancters.  The
areas of the resulting covtours were then calonlated so that a direct con-
parison of the noise iwmpacted arca: Conld ke wmade,  The YO-EPRLAR contowm
areas for each of the threo Lypes o L proaches are included in fivaure 5,

Figure 5 shows tihice (V-44l) benefits corparisen tor the three difterent
approach techniques: ‘the Corventiomil, reduced flap and delaved flap
approach, in terms ui the WL PLLAE weise conteur area under each flight path
(in km?); the time copended on the arer ot Cin vinutes) from the connmon
initial point at I» 1. ri. ocut, to tensndowng ol the tuel consared by othe
aircraft during cach approach Cin sy

The current airline proecedoace (the reduced Fhap approdach) bos o conteur
area only 80 percent that o tun cnentiens! o opproachs Thus, the airlines
have been able te achicve « o neice reivctyen ne ity operational procederes
which do not require the odeiti ot o e,

The delaved tlap prococcr. otted e peeider ble additional e ol et
This contour arca is calw oo o baree o that for the conventional apjreach
and less than 173 the sice tov toat ef the certent airline procodure,

0 i o [ Jenet it
Presented in the opper ot o0 b o0t s the URTYUR SENTEITIL AN S5 S I £ PR
of the three types o aprproe e
R R PR s .




A fucl measurement syatem was developed and installed in the CV-990
adreraft to sample and provide a continuous measurement of the fucl flow to
vach of the four englnes, Fuel flow to cach cngine 18 summed In the dligltal
computer Lo update the welpht of the aijreraft in real-time. A continuous
record of the fuel use is therefore avallable throughout the [lipht misslion.
Az mechanized, the system has a resolution of 3,6 kg (8 1b)., It has been
, evotimated that durlng the approximate S-min duration of an approach the fucl
v used can be Jdetermined to within +7 kg (415 1h),

During the [1llght test onboard the CV-990, the fuel consumed was measurcd
for a scries of ecach of the different types of approaches (the conventional, -
ATA reduced flap, and the delayed flap). The same initial condition was
establisbed prior to beginning each approach. This initial condition was:
range from touchdown 15 n. mi.; altitude approximately 900 m (3000 ft);
indicated airspced 240 knots; and flaps and landing gear up. The resulting
flight data was again used to validate a computer model from which a directly
comparable set of data could be generated for identical test condition. This
data is shown in the bar charts of figure 5.

The current airline procedure (Reduced Flap Approach) saves 50 kg
of fuel over the conventional approach, while the delayed flap approach saves
an additional 130 kg over the reduced flap approach.

The delayed flap approach does require additional avionics, but the cost
of this avionics could possibly be recovered in a reasonable period of time
from the cost of fuel saved.

Time savings are also important to airline operations, and it is shown in
tigure 5 that the delayed flap approach saves a minute of operating time over
both the reduced and conventional approaches,

Application to Current Airlines Aircraft

NASA has contracted with the Boeing Commercial Airplane Company to evalu-
ate the delayed flap concept on an aircraft which is representative of those
ki fn current airline use, The objective is to examine some of the problens
associated with the application of the delayved flap concept to o current
aircrate and to cevaluate the fucl and neise tenetits,  The operational tlight
Procedut es, computer alporithm and benefits will be different for each type
el airiiatt, Presented dn this section will be g portion of the study
vesults tor the Boeing 727 airplane.  Complete study results are presonted in
reference 8,

Boeing 727 operational Procedure

Fresented in fipure 6 s an example of the delayed flap procedure as
adapted to the Boeing 727 aircraft. The tigure shows the altitude and
alrspeed profiles as a tunction of ranpge te touchdown. The various events
vhich cecur during the approach are indicated on the alrspeed profile.  The
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aircraft provides five flap detents to control the encrpy durlng the approach,
If the approach is 1aitiated from 900 m and 220 knots, an shown here, Idle
thrust is commanded juat prior to glide~slope capturc., The commands are
11luminated on an annunciator on the Pllots Pane) of the B-727, As the
approach progresses the command will be generated in the sequence shown In the
figure (i.c., flap = 2°, 5°, 15%, ete,).

For non-icing conditions the deccleratilon is arrested by reapplylng
thrust in two steps, first to an engine pressure ratlo (EPR) of 1.1 (at about
2.5 n, mi,) and then to normal approach power setting (about EPR 1.3) at the
target altitude of 150 m, The first step to EPR 1.1 Initiates engine acceel-
eration to a power setting ncar the surge bleed valve operating point from
which further acceleration can be obtained more rapidly when roguirved. This
is a characteristic of the particular engine in the B-727-200 airplance (i.c.,
JT8D-9), From 150 m through to landing, the aircraft is operated as on a
conventional or stabilized approach. For an icing condition, the throttle
setting would be maintained above idle at about 55 percent rpm for inlet
anti-icing. An EPR of 1.2 is thz minimum which would insure this thrust
level. The flap and gear extensions will always occur In the same sequence
but will not always occur at the same speeds. This will depend on the wind
condition, the weight of the aircraft, and the initial conditlons. For head-
wind conditions the sequence of procedures becomes more compressed, while in
tailwinds the events will be strung out.

Weight variations have little effect on the deceleration distance or
general shapc of the airspeed-range curve. Inceased weights pencerally
shift the airspeed curve upward by an amount ejual to the increase in Vo .
Thus, configuration changes occur at a higher airspced.

The flap speed schedule shown on the figure is selected to minirice the
pitch attitude changes during flap extension on the finul ajpreach. his o
desirable for good glide-slope tracking by beth the pilot and autepiler. It
was shown in reference 8 that the current 727 autopilet cuntrels those
disturbances quite well, Fortunately, the minimum pitch distvobapce wohiedul
also provides adequate speed margins from safety linmits, os reprosontod by
the stall speed region and flap placard boundaric., and is a poed rprerioc
with respect to fuel and noise benefits, which will 1o disiussed nent,

Noise, Fue', und Time Bunctits

The results of a beneflits aunalvsis tor the B=727 aircrart ave shova i
figure 7. Computed fuel usage, clapsed time on the approaca and s i tene
arcas are compared for three different operaticnal procodures bostids ir
conditions. All approaches are infticted in o (lean cirerett contiuratioc ot
the same flight conditions. The data show that connistent boenetits o
realized for the B-727 when conducting a delased ilap appreach o conpared U
either the conventional and reduced flap., For example, compared to the
current airline procedure (reduced flap), a tucl vaving ot Loo b de o haeves,
almost 1-1/2 min in time is saved, and a reduction fn the nedse crew to 108
the size of that generated by the B=727 on o reduced Ulap approach d- readised
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Altiough the data presented is for a no-wind condition, the relative
benef it comparison for fucl, time and nolse is not significantly different for
headwind and tallwind condltlons, The effects of a 30-knot headwind and a
10-knot tallwind are included In rcference 8, In addition to the noise cffects
with acoustlically treared nacelles,

Pilot Evaluatlon

In November 1975 nlne guest pilots participated in an infllght cvaluation
of the delaved tlap procedure and display concuepts onboard the CV-990 airplane,
These guests represented United and American Airlines, the Boeing, Douglas,
and Lockheed companies, and the FAA, ALPA, and ATA organizations. The flight
operations were conducted at the Sacramento Metropolitan Airport, Sacramento,
California, under VFR conditions.

During this series of flight tests, each guest pilot conducted from three
to six of the different types of approachet either as command pilot in the
left-hand seat or as safety pilot/observer in the right-hand seat. The pilots
acted upon the scquence of messages as they were displayed on the message
display and manually deployed the landing gear and flaps, and operated the
throttles. The approaches were primarily conducted in a coupled autopilot
mode. Generally, the approach was stabilized in airspeed and aircraft config-
uyration at 150 m altitude and continued through to touchdown. Comments and
opinions were solicited from each guest pilot after the flights. A preliminary
assessment of the operational procedures is summarized as follows.

Under the conditions of these tests most pilots indicated no significant
increase in pilot workload for the delayed flap approach over the con-
ventional approach, and felt that reversion to a conventional approach
could be made safely and easily in the event of delayed-flap equipment
malfunction. Consistent performance by the pilots and svsten was demonstrated
in controlling the deceleration to achieve tue reference velocity at 150 m
altitude on the approach regardless of aircraft gross weight and existing wind
conditicns. The higher airspeeds existing during the approaches were not
indicated as a problem by any of the guest pilots.

There were several comments made by the guests poeinting ocut the potential
difficulty o. iategrating the high-speed delaved flap procedure inte the
existing Alr lratfic Control environment. It was iundicated that this might be
especially difticult at high density alrports such as Chicago's 0'Hare or
Los Angeles International.

Cencrally, the guests were in agreement that the operational procedure
and Jdisplaye were acceptable and that the techuique provided benetfits for
noise relief and fuel saving, but it was also the consensus that additional
research would be required before the delayed flap technique could be
considered an acceptable alternative for the current airline approach pro-
cedures,
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CONCLUSIONS

Analytical, simulation, and inflight studics have been conducted to
investigate the delaycd flap approach technique. Inflight measurcments of
fucl usage and ground measurements of perceived noise were made during flight
test with the NASA CV-990 airplane to assess potential benefits of the
approach technique. Results show that significant bencfits may be obtained
using the delayed flap approach technique, Onboard the CV-990, guest pilots
conducted a limited investigation of the acceptability of the operational
procedures. A generally favorable response was obtained from these guests.
Studies are underway to apply the delayed flap concepts to an evample of a
current airline aircraft. Application of the approach technique to the
operation of a B-727-200 airplane shows that when compared to the reduced
flap approach, significant savings in fuel, flight time and reduction in the
noise impact area are achieved by using the delayed flap approach.

Several critical areas of research need study before the delayed flap
approach could be considered an alternative to the present airline approach
techniques. These areas include avionics retrofit costs, operational safety,
and compatibility with the existing air traffic control environment.
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GENERAL AVIATION APPROACH AND LANDING PRACTICES

Loyd C. Parker
NASA Wallops Flight Center

Maxwell W, Goode
NASA Langley Research Center

SUMMARY

The characteristics of air traffic patterns at uncontrolled airports
and techniques used by a group of general aviation pilots in landing
light airplanes have been documented. The report contains the results of
some 1600 radar tracks taken at four uncontrolled airports and some 600
landings made by 22 pilots in two, four-place, single~engine light
airplanes. The results show that the uncontrolled traffic pattern is
highly variable. The altitudes, distances, and piloting procedures
utilized may affect the ability for pilots to see-and-avoid in this
environment. Most landing approaches were conducted at an airspeed above

recommended, resulting in significant floating during flare and touchdowns

that were relatively flat and often nose-low.
INTRODUCTION

The National Aeronautics and Space Administration has undertaken
research programs to document the practices used by general aviation
pilots in the traffic pattern and during final approach and landing.
These efforts were prompted by the general aviation safety records
reflected in accident summary reports, reference 1, and mid-air collision
reports, references 2, 3, and 4. These reports indicate that the most
frequent accidents, under visual flight rules (VFR), occur at the airport
during the approach and landing of single-engine light planes flown for
pleasure., Additionally, most mid-air collisions occur in the traffic
pattern at uncontrolled airports on final approach and involve lack of
adherence to proper pattern procedures and failure ot pilots to see-and-
avoid. The vast majority of all accidents are attriputed to the pilot,
as the cause or a factor contributing to the accident,

For the air traffic pattern studies a tracking radar system was used
to measure and record the position-time histories of general aviation
airplanes on pattern entry and in the pattern legs. Data were collected
at four uncontrolled airports each having a different environment and
pattern procedures. Airplane separation data in the pattern was measured
at the last airport visited using two radar systems. For each radar
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track, the runway, type airplane, surface winds, barometric pressurc,
visibility, and cloud ceilings were also recorded. Approximately 1400
individual radar tracks were taken to dofIne alr traffic pattern character-
istics and 20C radar tracks taken to deof ine normal gencral aviation
separation practices. Preliminary results of the alr traff{ic pattern
studies were reported in reference 5.

Two modern, four-place, single-engine light airplanes (a low-wing
and a high-wing) were leased from a f ixed~based operator (FBO) and instru-
mented to obtain final approach and landing performance data. A cadre of
22 general aviation pilcts with various backgrounds and experience was
provided by the FBO to perform a series of landings on a long runway
(1524 m - 5000 ft) and a short runway (762 m ~ 2500 ft). Approach and
landing data were collected using the instrumented aircraft and a ground
tracking system for approximately 150 landings of each airplane at each
runway. All pilots were briefed on the purpose of the study and operation
of the equipment prior to participating in the program. Pilots were
asked to turn on the airborne data system just prior to final approach
and to make normal landings based on their training and experience. Each
pilot was scheduled to make a maximum of six landings in one day on one
runway. To alleviate traffic conjestion on the long runway, touch-and-go
landings with a significant ground roll were permitted. All landings on
the short runway were completed to a full stop. Preliminary results of
the low-wing aircraft phase of the approach and landing study were presented
in reference 6.

TEST EQUIPMENT

Air traffic pattern measurcments in the uncontrolled airport environ-
ment were made utilizing the MPS-19 tracking radar system, figure 1.
Position-time histories of arriving airplanes werkt recorded on magnetic
tape at one sample-per-second. Operators maintained a log of each track
which included active runway, type airplane, surface wind, ceiling and
visibility data. Radar data were rotated to the magnetic bearing of the
landing runway and parallaxed to the landing runway threshold to create a
normalized runway referenced coordinate system which permits direct
comparison of pattern legs at each airport. During data reduction,
operator log data were combined with each track and stored on computer
disc files for retrieval and analysis. Position accuracy of the radar
system is + 9.5 m (10 yds) RMS in range and + 1 mil RMS in angles.

Final approach and landing data were obtained using two instrumented
airplanes, figure 2, and a ground tracking system, figure 3. Both airplanes,
widely used in general aviation private flying, were leased from an FBO
and instrumented to measure and record 21 different flight parameters,
including airspeed, pitch attitude, flap position, and altitude., Modifi-
cations to the airplanes included a test boom on the left wing tip to
measure airspeed, angle of attack and angle of sideslip; control switches
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on the instrument panel; and an instrumentation package located aft of
the pilot's seat. The airborne data system increased the basic weight of
the test airplanes approximately 86.2 kilograms (190 pounds). Both
airplanes were flight tested by NASA rcsearch pilots before and after
modification with the determination that the instrumentation had a
negligible effect on the airplane handling charactcristics.

The ground tracking system was used to obtain the flight path and
touchdown data with respect to the runway. This system was comprised of
a 16~mm motion picture camera and a 3.05 m (10 ft) high by 67.0 m (220
ft) long photographic grid. The grid consisted of a scries of vertical
and horizontal plastic strips which formed squarcs of 0.6 m (2 ft) on a
side within the grid frame. Normal photogrammetric tcchniques were used
to obtain the trajectory data from the motion picture film. The airplanes
were assumed to be aligned with the runway center line for photographic
analysis. A field survey of a typical grid installation indicated a
tracking accuracy of + 0.3 m (+ 1 ft) or less.

AIRPORTS AND RUNWAYS

The location of the airports where data was taken during these
studies are shown in figure 4. Air traffic pattern data were collected
at Salisbury-Wicomico (SBY), Gaithersburg (GAl), Hyde (HYD), and Manassas
(MAN) airports. Approach and landing data were collected at Hummel and
Patrick Henry airports.

The Salisbury-Wicomico airport is located near Salisbury, Maryland,
in a rural, low density traffic environment and has an airport elevation
of 15.5 m (51 ft) above mean-sea-level (MSL), traffic pattern altitude
(TPA) of 244 m (800 ft), three 1524 m (5000 ft) runways, an FAA Flight
Service Station (FSS), VOR facility, commuter scrvice, active flight
school, airplane maintenance and service facilities, and approximately
25,000 operations per year of which one-third are estimated to be twin-
engine aircraft. The Gaithersbury, Maryland, airport is located in a
high density traffic environment north of the Washington, D.C., Terminal
Control Area (TCA) and has an airport elevation of 165 m (540 ft) MSL,
TPA of 183 m (600 ft), one 960 m (3150 ft) runway, right-hand pattern for

runway 31, active flight school, significant airplane maintcnance facilities,

large number of resident private and corporate airplanes, and operations
estimated at 50,000 per year of which 89% are single-cengine airplanes.
The Hyde airport is located near Clinton, Maryland, beneath the 457 m
(1500 ft) floor of the Washington, D.C., TCA whose surface boundaries
north, cast, and west require ~all VFR traffic to enter from a south to
southwest direction. The airport has an elevation of 76 m (249 ft) MSL,
TPA of 244 m (800 ft), two runways -_one of 976 m (3200 ft) and one of
640 m (2100 ft), another uncontrolled airport located approximately 1.5
n. mi. to the west, local pattern procedures which specify upwind pattern
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leg, entry for ruaways 9 and 31, actlve t1ight school and tlving ¢lub,

Targe number of resident alrplanes, scervice and malntenance facillities,

and operations estimated at 25,000 per vear of which 947 are single-

englne alrplanes.  The Manassas, Virginta, (MAN) airport s located west

of the Washington, D.C., TCA in a relatlvely low density trattlce environment
and has an elevation of 57 m (186 ft), TPA of 244 m (8OO ft), one 1128 m
(3700 ft) runway, commuter scrvice, flipht school, service and maintenance
facilities, large number ot resident alrplanes and operations estimated

at 25-35,000 per year.

Approach and landing data for a long runway of 1524 wm (5000 ft) were
collected on runway 2 and 20 at the Patrick Henry airport in Newport
News, Virginia. The elevation of the airport is 12.5 m (41 tt) MSL and
controlled traftic at the airport was very heavy at times necessitating
extended downwind and long straight-in final approach legs. The short
runway airport, Hummel, located near Saluda, Virginia, is a small uncon-
trolled airport with an clevation of 9.1 m (30 ft) serving a rural area.
All landings were made on runway 18 which is 762 m (2500 ft) long. Final
approach to the runway is over water with a tree line approximately one-
quarter of a mile from threshold. The airport had verv light traffic$
consequently, the test subjects could fly the pattern without interference.

RESULTS AND DISCUSSIONS

The results of the uncontrolled air traffic pattern measurements
study are based on a total of 1409 individual radar tracks at three
airports and 208 radar tracks of airplane separation distance at one
airport. Of the individual tracks obtained approximately 837 were single-
engine airplanes and 177 were twin-engine airplanes. The results of the
approach and landing performance study covers a total of 616 landings
made by both airplanes at both runways. A total of 299 landings (144
long runway, 155 short runway) were made in the low-wing airplane and 307
(163 long runway, 154 short runway) were made in the high-wing airplane,

Uncontrolled Afr Tratfic Pattern

The generally recognized standard uncontroltled aiv traffic pattern
is characterized by entryv to the downwind leg at a 45-degree angle at a
244 m (800 ft) altitude above ground level (AGL) and "left-hand" turns
trom downwind to base and base to tinal leps, reference 7. A different
pattern may be adopted at an indiv lual airport to avoid a local problem.
Two of the alrports had local variations trom the standard pattern. HYD
has a local procedure of an upwind pattern leg entry for runwavs 31 and
5. GAl has a local pattern altitude of 183 m (600 ft) and a right-hand
pattern for runwav 31, At the time traffic measurements were conducted
the FAA had issuced NPRM 71-20, "Operations at Alrports Without Control
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Towers," whicn proposed a new uncontrolled traff e pattern concept,

figure 5. FS8S8 personncel at SBY encouragoed local pllots to try out this
proposal during the period alr traffic measurements were conducted.

Pattern Entry

The lack of adherence to pattern entry procedurces is a posslble
cause of mid-air collislons, The pattern leg entry locations were examined
to determine the varfations from local procedure. The results of this
analysis for arriving airplanes, figurc 6, illustrates the variations
from local pattern entry procedure. In the higher traffic density environ-
ment of GAl, adherence to the pattern procedure was significantly better
than eithcr HYD or SBY. Approximately 51% at SBY, 127 for downwind and
667 for upwind runways at HYD, and 117 at GAI of the arriving traffic did
not adhere to the local pattern entry procedurc, Normal left- and right-
hand traffic entering downwind at GAI are shown as a right-hand entry on
figure 6 to illustrate deviations from the standard. At GAI 2% of the
traffic failed to recognize the right-hand pattern established for runway
31 and used a left-hand approach opposite to local pattern. At SBY 4% of
the traffic used a right-hand basc entry opposite to the left-hand
pattern.

Pattern Leg Distributions

In addition to the variation in pattern entry location, the distance
and altitude variations within the pattern legs may increase the pilot's
sec~and-avoid problem. The ground track distributions observed in the
pattern legs at SBY and HYD, figure 7, illustrate this variation between
a low density (SBY) and high density (HYD) cn.ironment. Another factor
affecting this difference is that SBY's traffic was 33% twin-engine as
compared to only 6% twin-engine traffic of HYD. In either case, the
pattern legs arc wide and extend from a few tenths of a nautical mile out
to greater than 1.5 n. mi. from the runvay. General aviation pilcts
should expect conflicting traffic at distances up to several nautical
miles when entering an uncontrolled traffic pattern. The cumulative
distributions of distance for the downwind, base and final pattern legs
are shown in figure 8. This figure further illustrates the difference
between HYD's constrained environment and SBY. Conversely, the downwind
cumulative distribution, figure 8a, for SBY aud GAI, which has twice the
traffic of SBY, are essentially the same out to the median pattern distance.
The divergence beyond the median for the SBY and GAIL suggest that this
portion of the distribution may be a result of the twin-cngine traffic
percentage of 33% at SBY and 11%Z at GAI. On base and final legs little
difference in the cumulative distribution is shown up to the 9772 level,
€igure 8b and 8c.
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Trattbe Pattorn Altitude Vartation

A tactor which mav serlonaly nt lvence o Pil“['h abitiry to detect
another alrplane is adherepee to the established TPA. The comulative
distributfons of the averape altitude for all trattbe at cach alrport on
dowpgind, base and flnal Teps ore compared o tigure Yo The variation
?yﬁﬁ“?su downwind TPA of 183 m (h00 1) at GAL and 244 m (800 ft) at HYD
ind SBY s shown in tigure Ya.  Less than 17 of the traftle observed on
downwind is below an altitade of approsgimately 122 m (400 ft). This
figure also lllustrates that 997 of the trattle on downwind for GAl and
HYD was below 305 m (1000 1) and at SBY was below 430 m (1410 tt).
Variations of at least 183 m (600 tt) or greater in the TPA flown are
shown at all airports, At HYD and SBY where the TPA was 244 m (800 ft),
greater than 657 (SBY) and 907 (HYD) of the traftic was below this altitude
on downwind leg. In comparison the GAl median altitude is essentially
equal to the specified TPA, indicating that 183 m (600 ft) may be the
more natural pattern altitude. In refercence 8, pilots overwhelmingly
indicated thev preferred a TPA of 244 m (800 tt) or 305 m (1000 ft).

Most pilots (95%) indicated they did not deviate from the TPA more than
45.6 m (150 ft),substantially less than was actually observed. The signifi-
cant altitude variations on downwind leg are continued through base and
final legs as shown on tigures Yb and 9¢. Most data shown for the final
leg were taken at a distance greater than 762 m (2500 ft) from the runway
threshold.

Croswind Leg

Departure airplanes may pass through portions of the crosswind leg
creating potential mid-air collision (MAC) situation. This is illustrated
by figure 10 which shows a cross scction of a bivariate log~-normal distri-
bution of the crosswind leg at SBY and typical departure paths of a
single-engine and twin-cngine airplave. The conflict between departing
and arriving airplanes has been recognized. The latest FAA Advisory
Circular AC 90-60 '"Recommended Standard Traffic Patterns for Airline
Operations at Uncontrolled Airports", reference 9, recommends that a
downwind entry mid-point of the runway be used and established specific
departure procedures to minimize conflict with traffic using the crosswind
leg. At airports where a crosswind pattern leg is utilized, specific
procedures are needed for arrival and touch-and-go traffic.

Type of Alrcraft
A comparison of the mean distance and altitude for single-engine
high-wing (SEHW), single-engine low-wing (SELW), and twin-engine (TWIN)

airplancs at SBY is shown in figure 11. The mean pattern distance,
figure 1la, of the SEHW alrplanes is approximately 0.2 n, mi. less than
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SELY abrplaneay ot ap te Oyt e ady Do thon nn b0 o FPIER T FECTRNR Y DY
woere aloo toud to the ahove SHIR o VELG airpbanes on AT pattern bepn,
Pipure Dby eocept boe and vl vhers P o Tt iened to the Toweot
mean altitude. o the higher deps dee e itontent ot cAE and by the
difterence in the sean pattern ey diatanes and attitode vao found to
have essent ballvy the coane characteriorbon,

In speneral SEHW alrplanes Ple ctoner to the tonway and hiipher than
SELW aliplanes,  TWEL atrplanes thy hipher and tujther trom the runwvay
than SEHW and SELW, escept on bane and tinal where thes lave transitioned
to a lower mean altitude,

Closure Pate

Since all trattic pencrally oceupies the same airspice in the un-
controlled air trattic pattern envirenment, losure rates bewween airplanes
whose pilots tfall to sce the other hecomes an important consideration in
the development of any svstems solution to the mid=air collision (MAC)
problem. The average cumnlative horizontal aad vertical closure rates in
the traffic pattern were determined tor GAL and HYD, tieure 120 The
median closure rate between airplanes expected inoa tvpical peneral
aviation uncontrolled tratfic pattern s 18 knots horizontally and 1.3 m/sce
(258 ft/min) vertically. Peak closure rates ina tvpical aeneral aviation
environment within the pattern legs sheuld not ereced 85 Fnots and 50% m/sce
(1,068 ft/min) more *han 27 of the time, 1t turbo=-prop powcred twin-
engine airplanes us: the envivonment, such s the case at ShY, the average
closure rate in the pattern legs will be increasced. For SBY, the modian
horizontal closure rate was found to be approximately 45 knots and cu-
ceeded 144 knots 27 of the tim» - a signiticant increase oves e peak
rates for HYD and GAT. Vertic:l closure rates alse increased to a median
of 1.9 m/sec (375 ft/min) and exceeded 7.3 m/see (1447 tt/min) 27 of the
time. The possible closure rates during and prior to pattern entry are
even higher and exceed 360 knots in the SBY envivenment. Closure rates
determine how far in advance of a MAC that a warning must he issued,  To
provide a 20-second warning time at a 560 knot closare rate wonld require
issuing the warning when the airplanes were separated by preater tha d
n. mi. It is not considered unusual to have several airplanes with
separations of less than 2 n. mi. at relatively hivh closure rates in a
high density uncontrolled airport trattic area,

Separation Distance

Another factor which may affect MAUC systems performance and required
accuracy is the normal separat fon distances used by peneral aviation
pilots in the uncontrolled traft te patteru,  In retorence 8, pilots
indicated they uscd an averape of approximately 1 n. wmi. separation in
the traffic pattern. The actual separation distances measured at o tepical
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uncontrolled alvport were generally Teos than bon, wmie This b Dl astrated
by figure 13 in which a typleal separation tyael showe woooh To o oparatiop
than 1 n, mi. In fact, the mintmom ceparation diatance cor o maaber o
tracks was less than U1 n, mi, daring a portion ot the track,  The
cumulative distributions ol the average separation distance and the
minimum distance observed for cach track are shown in tieare 1%, The
median average separation distance for cach palr of afreratt tracks was
found to be 0.73 n, mive however, a sipntticant pereentage (167) used an
average scpariation of lesds than 0.9 o, mi, The medban mininum separat ton
distance observed for cach pair of tracks was tound to be 0049 n. mi, and
107 of the afrcraft closed to less than 0.2 o oml, The separation distances
observed illustrate that seneral aviation pilots often use o awrati s an
the uncontrolled trattic pattern that arce extremely close,

Final Approach Trajectories

Final approach trajectories, pencralts saderable variation
from stabilized, steady flight paths, Pro- los of the final approach
trajectories for the high-wing afrplane at *:e lony runway are present.ed
in figure 15. Included in the tigure arce the medion and he 5- to 95~
percentile spread of the data for the heipght of the afrplane at the
threshold and the touchdown distance trom the threshold,  For reference,
3° and 6" lopes passing through the median befght at the threshole are
included.

For both airplanes at both runwavs the average flight nath angle
ranged trom 4.7° at the long runway to 6.1 at the short runway with
individual flight paths ramping from 1% e 14" during poertions of the
approaches. The average tlight path angle was approximately 1 steeper
at the short runwayv than at the long runwav,

The median height at the threshold was lower for the low-wing airplane
than for the high-wing afrplanc at both runwavs,  However, both airplanes
were brought in lower over tue threshold at the short runwav than at the
long runway, even though the average tlight path angle was approximately
17 stecper.

The median touchdown distance was in direct relation to the median
height of the respective airplanes at the threshold.  That s, tae lower
the median height at the threshold the closer the median touchdown was to
the threshold., The median touchdown distance Tor both airplanes at both
runways was within the first third of the runway, but well bevond the
runway desipgnation numbers just past the threshold.  The median touchdown
for both airplanes at both runvavs ranged from 10 percent to 16 pereent
of the runway length,
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Final Approach Airspeed

The average final approach airspeed and the average flap deflection
measured at 5-sccond intervals for the 60-second period prior to touchdown
are presented in figure 16 for the high~-wing airplane at both runways.,
Also included in the figure are reference approach specds and the measured
stall speeds of the airplanc at the nominal test weight. The reference
approach speeds are interpolated values of the manufacturer's recommended
approach speeds using the average flap deflection at each time period.

In general, the pilots flew the final approach with an average speed
considerably faster than the reference speed. In fact, the average
approach speeds were more than 5 knots in excess of the reference speeds
until within 15 seconds or less of the touchdown, as indicated by the
solid symbols in figure 16. The exception to this result was the low-
wing airplane at the short runway in which case the average speed was
only slightly in excess of the reference speed for the final 40 seconds
prior to touchdown.

Another point of interest shown by the data is that the final approach
speeds at the short runway were slower than those at the loung runway for
both airplanes. This correlates directly with the larger average flap
deflection used at the short runway. However, the reduction in average
approach speed (6 to 12 knots) was much greater than the difference in
the reference approach speceds (1 to 2 knots). This difference would
indicate that the pilots were concerned about the runway length and were
paying closer attention to airspeed during the approaches to the short
runway to assure landings with a comfortable margin between the stopping
point and the end of the runway. Based on the manufacturer's published
landing distances for the airplanes, the designated short runway was not,
in fact, a "short runway" requiring maximum performance from either
airplane or pilot to achieve a normal landing in the available distance.

Touchdown Airspeed

Cumulative distribution of airspeed at touchdown for the high-wing
airplane at both runways is presented in figure 17. Included in the
figure are the measured stall speeds of the airplane at the nominal test
weight and the reference approach speeds based on the flap settings for
the last 10 seconds of the approaches.

The data generally show that the pilots landed the airplane with
speeds considerably in excess ot the stall airspeed; this is most probably
a direct result of the excessiw ~irspeed used during the {inal approach.
The median touchdown speed rangee from 13 percent to 48 percent above the
measured flaps-up stall speed, and less than 6 percent of the landings
were within the stall speed range, Except for the low-wing airplanc at
the short runway, a rather high peccentage of the landings were made in
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excess of the reference approach speeds. The touchdown speeds at the
short runway were significantly less than those at the long runway by
approximately the same amount as the difference in the final approach
speeds between runways.

Touchdown Pitch Attitude

Associated with the high touchdown speeds were pitch attitudes that
were relatively flat for both airplanes at both runways. The cumulative
distributions of pitch attitude at touchdown for the high-wing airplane -
are presented in figure 18. Included in the figure is a line indicating
the in-flight three-point touchdown attitude which separates the regions
of nose-wheel and main-wheel landing attitudes. In general, the touchdown
pitch attitudes show little to no difference with respect to runways.

The data show that the pitch attitudes at touchdown were relatively
flat for both airplanes at both runways. The median touchdown attitude
ranged from only 1.4° to 2.6° above the three-point attitude (pitch-up).

A significant percentage of the landings was made in which the nose wheel
contacted the runway before the main wheels. Approximately 12 percent of
the landings were nose wheel first, except for the low-wing airplane at
the short runway where the percentage was 22 percent. Nose-wheel landings
are almost invariably a direct result of allowing an airplane to touch
down with an excessively high airspeed and certainly present the potential
for a landing accident due to nose wheel collapse, porpoising of airplane,
or unstable airplane motions referred to as wheel-barrowing.

Mid-Air Collision Simulation

Using the approach data presented in this paper a math model capable
of simulating uncontrolled air traffic patterns has been developed. MAC
simulations which duplicate the existing enviromment can provide a baseline
for evaluating the effect of changing the uncontrolled pattern concept or
the effect or improvements in general aviation piloting procedure. The
technique utilized is jllustrated in figure 19 which shows the position
time histories of two airplanes in a typical approach procedure that are
time normalized to have a MAC on final approach. The view angle from
both airplanes to the other was computed based on their heading, bank
angle, and relative positions. A time history of this data is plotted on
the view envelope of each airplane, figure 20, and the percent of time
each airplane is visible to the other pilot determined, reference 10.

The result, figure 21, illustrates the cumulative percent of time each

pilot had to detect the other from a separation distance of approximately

3 n. mi. The case shown is representative of normal general aviation
approaches, yet, neither pilot could have seen the other airplane approxi-
mately 65 percent of his approach time. Using this technique the cumulative
probability of a MAC can be cstimated by including the probability of
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each pilot looking and the probability of seeing when he looks as a

function of the separation distance. By simulating thousands of such

MAC's in this manner and defining the baseline for the existing uncontrolled
traffic pattern environment, the relative improvements that may be achieved
through changes in piloting procedure or by aew pattern concepts can be
determined. Typical pattern concepts under consideration are shown in
figure 22. General aviation pilots have indicated, reference 8, that
approximately 44 percent preferred the standard left-hand pattern and 30
percent preferred the proposed pattern shown.

Systems Studies

The uncontrolled air traffic studies indicate that new piloting
and/or pattern concepts may not adequately reduce the MAC hazard at high
density uncontrolled airports. Based on the .raffic characteristics
observed a systems definition study is in progress to determine the
feasibility of a low-cost Automated Pilot Advisory System (PAS), re-
ference 11, for high density, uncontrolled airports. The system concept,
figure 23, under evaluation would utilize a small skin tracking radar,

microprocessors, weather sensors, and a VHF transmitter. The system
functions identified for evaluation are:

1. Broadcast an airport advisory voice message once every two
minutes which specifies the active runway, surface winds,
barometric pressure, and temperature.

2, Broadcast an air traffic advisory voice message every two

minutes which specifies the location of all traffic within 3 n.
mi. of the airport.

3. Broadcast a mid-air collision advisory voice message whenever

two airplanes exceed a 15-second Modified Tau Criteria, re-
ference 12,

4, Provide the FBO with runway select and override functions and
the capability to record limited cautionary messages to be
included in airport advisory message.

5. Provide for remote access of system information, via telephone.

Pulse, pulse-doppler, and doppler radar systems are under evaluation
for this application. Low-cost X-band radars which appear suitable for

this application are readily available as marinc and airborne weather
radars.

The computer would provide the essential system logic and control
functions. These include radar data processing, clutter rejection,
track-while-scan, weather data processing, logic and generation of pre-
stored advisory word messagce formats, power faflure auto-restart function,
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FBO control functions and system self checks.

Whenever the various computer logic conditions are met, a voice
message in a standard word sequence would be generated. Computer gsof tware
will interlace proper key words into the standard format to complete the
advisory message. Pre-recorded digital message sequences and vocoder
voice sythesis techniques are under evaluation for this system. Typical
message sequences with underlined key words follow:

AIRPORT ADVISORY - HYDE -~ ACTIVE RUNWAY - THREE-ONE - RIGHT HAND PATTERN -
WIND - TWO-ONE-FIVE AT SIX KNOTS -~ ALTIMETER THREE ZERO POINT ZERO FOUR -
TEMPERATURE IS TEN DEGREES.

or

- TRAFFIC ADVISORY - HYDE - AIRCRAFT AWAITING DEPARTURE - AIRCRAFT ON
FINAL - TWO AIRCRAFT DOWNWIND - ARRIVING AIRCRAFT THREE MILES - NORTHEAST ---
DEPARTING AIRCRAFT ONE MILE SOUTHEAST.

An experimental PAS will be configured to evaluate the various
system performance options, message formats, and pilot reaction to system
utility.

CONCLUING REMARKS

The characteristics of general aviation piloting procedures during
approach and landing have been documented. Data presented illustrate the
variability with which the uncontrolled air traffic patterms, and the
approach and landing maneuvers are performed. Results confirm that
pattern entry location and procedure are often inconsistent with the
local or accepted standard pattern. The uncontrolled traffic pattern
legs are up o 1 n. mi., wide for typical general aviation airports and
may exceed 2 n., mi. in width in environments including high performance
twin-engine airplanes. Significant variation from the established pattern
altitude, + 75 m (246 ft), is not unusual. At airports where a crosswind
pattern leg is utilized, specific procedures are needed for arrival and
touch-and-go traffic. Departure traffic should abide by the recommendations
of FAA Advisory Circular AC No. 90-66. Systems to prevent MAC at high
density uncontrolled airports must cope with very low and high closure
rates and normal VFR traffic separation distances of 0.1 n., mi. or less.

The average final approach airspeeds were generally higher than
recommended which produced significant floating during the landing flare,
average touchdown speeds well above airplane stall speed and Janding
pitch attitudes that were generally flat or nose-low. OUn the average,
pilots used higher flap deployment angles, steeper approaches, less speed
and achieved landings closer to threshold on the short runway when
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compared to the long runway approaches.

The time available for pilots to see~and-avoid a MAC with other
airplanes in the uncontrolled pattern environment may be relatively
short. Manuevers and vision view field restrictions create this eituation;
however, the ability to detect other airplanes at greater than 1 n. mi.,
the percentage of time pilots spend looking for other airplanes, and
rapid closure rates often involved are factors which increase the MAC
hazard. The Pilot Advisory System concept may provide pilots with greater
ability to locate and avoid conflicting traffic, if low-cost system
feasibility is demonstrated.
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FLIGHT TEST EVALUATION OF A SEPARATE SURFACE ATTITUDE

COMMAND CONTROL SYSTEM ON A BEFCH 99 AIRPLANE

Shu W, Gee
NASA Dryden Flight Research Center

Gerald E. Jenks and Jan Roskam
Flight Research Laboratory, University of Kansas

and

Robert L. Stone
Beech Aijrcraft Corporation

SUMMARY
7

7/

A joint NASA/university/industry program was conducted to flight evaluate a
potentially low cost separate surface implementatio of attitude command in a
Beech 99 airplane. Saturation of the separate svofaces was the primary cause of
many problems during development. Six exprrienced professional pilots made
simulated instrument flight evaluations in light-to-moderate turbulence. They were
favorably impressed with the system, par‘icular’ 7 with the elimination of the control
force transients that accompanied confisaration . hanges. For ride quality, quanti-
tative data showed that the attitude co:amand control system resulted in all cases of
airplane motion being removed frop,* the uncomfortable ride region.

7
S

INTRODUCTION

One of the problems associated with general aviation is the large number of
accidents due to pilot error. Improvements in airplane handling qualities in the
presence of turbulence and a reduction in pilot workload would tend to reduce pilot
error and improve flight safety.

Past studies at the Dryden Flight Research Center have shown that an attitude
command control system could provide these improvements in general aviation
aircraft (refs. 1 to 3). Attitude command is a control concept in which the pilot's
control wheel position controls the attitude of the aircraft. This differs from the
conventional control system, in which the pilot's control wheel deflection causes a
rate of change of attitude: the pilot must ncutralize his controls to stop the attitude
from changing. When the control wheel position is neutral, the aircraft could be in
an infinite number of different attitudes. With attitude command, however, ncutral
control wheel position results in only one attitude, straight and level; and any con-
trol wheel deflection results in a new airplune attitude.
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In the meantime, the Unjversity of Kansas has been studying the application of
separate surfaces for general aviation (refs. 4 to 6). The usc of separate surfaces
to achieve attitude command appears to be logical in that its cost is low, it meets
flight safety requirements, and it is easy to install in existing airplanes,
Consequently, a grant was awarded to the University of Kansas to study the feasibil-
ity of and designs for attitude command using scparate surfaces (ref. 7). Improve-
ments in handling and ride qualities in commuter airline operations would provide
an economic advuantage, and a Beecheraft Model 99 airplane was chosen because it
was representative of commuter airline transports. The University was eventually
awarded a contract to design, fabricate, install, and flight test a separate surface
system on this airplane. Much of this work is rcported in references 8 to 11. The
Beech Ajrcraft Corporation and The Bocing Company, Wichita Division, also partic-
ipated in the program.

SYMBOLS AND ABBREVIATIONS

F,, pilot-applied control wheel force, newtons (pounds)
IFR instrument flight rules

ILS instrument landing system

K gain constant

KIAS knots indicated airspeed

p roll rate, degrees per second

q pitch rate, degrees per second

r yaw rate, degrees per second

rms root mean square

s Laplace operator function

TIMS turbulence-intensity measurement system

L g

time, scconds

] sideslip, degrees

o] control surface deflection, degrees
0 pitch attitude, degrees

6 pitch rate, degrees per second
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time constant, seconds

-y

¢ roll attitude, degreocs

¢ roll rate, degrees per second

v heading attitude, degrees

Ay increment of heading change, degrees
Subscripts:

ap primary aileron (right)

as separate surface aileron (right)
ep primary elevator

es separate surface elevator

f wing flap

H horizontal stabilizer

rp primary rudder

rs separate surface rudder

PROGRAM OBJECTIVES

The program objectives were to perform a flight evaluation of the operational
characteristics and performance of a potentially low cost separate surface implemen-
tation of attitude command on a Beech 99 airplane and to provide the general aviation
industry with a first hand cvaluation of the control concept by allowing their partic-
ipation.

SYSTEM DESCRIPTION

Aircraft

Figure 1 is a three-view drawing of the Beech 99 aircraft with separate control
surfaces. The aircraft is a twin-engine, turboprop, 17-place commuter airliner.
It has a wingspan of 14 meters (46 feet), a length of 13.7 meters (45 feet), and a
maximum gross weight of 4716 kilograms (10,400 pounds). It has a maximum cruise
of 244 knots at 4877 meters (16,000 feet) and a service ceiling of approximately
8534 meters (28,000 feet) . Its approach speed is 96 knots, and it is capable of
operating off a 914-meter (3000-foot) runway .

123

O




Havdware tmplemantation

The flight control system modifications consist of electrically intereonnected
¥ components and include a gyro package, o management and control panel, an
operator's console, and clectromechanical nctuators, which drive small separate
control surfaces,

The gyro package vonsists of a vertical gvro, direetional gyro, and three rate
gyros; and it is mounted in the proximity of the conter of gravity of the aivplane,

The management and control panel (fig. 2) contains switehes, lights, surface
position indicators, and potentiometers: it is installed in the copilot's instrument
panel.

The operator's console contains all the electronics for control law computations,
gain adjustment, servo amplificrs. ground tests, and power supplies. The unit is
installed in the main cabin.

The control actuators arc of the clectromechanicnl serew jack type. They
require 28 volts de and produce approximately 181 kilograms (400 pounds) of lincar
force at a maximum current of approximately 10 amperes. The frequency response
of the actuators is approximately 1.5 hertz. They are located in the wings and tail
with the separate control surfaces.

Separate Control Surfaces

The separate control surfaces for attitude command arc obtained by the dichot-
omy of the primary control surfaces. In sizing the separate surfaces, consideration
was given to static control and the avoidance of saturation. The sizes calculated
met the military and civil aircraft performance standards (MIL-F-8785C and FAR
Part 23, respectively) for failed hardover conditions. In the roll axis, 39 percent
of the total roll control power is provided by the separate surface ailerons: in the
pitch axis, 25 percent of the total pitch control power is provided by the separate
surface elevators; and in thec yaw axis, 27 percent of the tota! yaw control power is
provided by the separate surface rudder.

System Opecerational Modes
Three modes of system operation are provided: off, slave, and command. A

T control panel in the copilot's instrument panel allows the pilot to select one of these
e control modes and the control loops in the command node.

In the off mode, the separate surfaces are decnergized, and the aircraft flies
with approximately two-thirds of its original control power,

In the slave mode, the scparate surfaces arve clectronically skved to and oper-

ate in unison with the primary control surfaces: thus. the basic Reech 99 configura-
tion is restored.
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In the command mode, all three axes can be operated individually or in combina-
tion: however, nall tests wore combined-axia tests, The separate surfaces hold the
aireraft in the attitude commanded hy the position of the pllot's control wheel in the
piteh, roll, and yaw axes. Heading is maintained by n combination of roll and yaw
heading hold control loops. Yaw-damper-only operation is available in the yaw axis,

The system is designed to operate at the appronch and eruise flight conditions.

Pitch uxis.~A block diagram of the pitch axis is shown in figure 3(a). The
pilot controls the primary surface through the mechanicnl control system and has an
clectric trim system to position the horizontal stabilizer.

In the slave mode, the primary surface position, through the appropriate slave

gain, is used to position the separatc surface: thus, the separate surface operates
in unison with the primary surface.

In the command mode, when the pilot commands a piteh attitude through the
control column, the primary surface position is fed back through the appropriate
gain and compared with the actual pitch attitude. The differeace between commanded
and actual attitudes is filtered and drives the separate surface to reduce the differ-
ence to zero by changing the actual attitude of the aircraft. Thus, the attitude of the
aircraft becomes proportional to control column displacement.

The separate surface has a streamline position detector which moves the horizon-

tal stabilizer through the autotrim system to kecp the scparate surface at a near zero
position.

Roll axis.—A block diagram of the roll axis is shown in figure 3(b). It functions
like the pitch axis except that it is coupled with the yaw axis. In the command and
heading hold modes, and when zero bank is commanded, the yaw axis heading is

locked. When the pilot applies an aileron wheel force to roll, the yaw axis unlocks
to permit aircraft mancuvering.

Yaw axis.—A block diagram of the yaw axis is shown in figure 3(c). In the
command, yaw damper, and heading hold modes, heading and heading rate are fed
back to the separate surface to keep the aircraft on the heading sensed by th->
directional gyro. As explained above, the yaw axis automatically unlocks when the
pilot maneuvers the aircraft for heading changes and locks when a new heading is
established. The pilot can select yaw-damper-only operation, which manually
unlocks the yaw axis by opening the heading feedback loop.

INSTRUMENTATION

A pulsc code modulation digital data tape instrumentation system was installed in
the aircraft to allow the decbugging of the system, the optimization of system perform-
ance, and the acquisition of quantitative data from the flight test program. Seventy-
seven channels at 200 samples per second are available for recording aireraft and
system paramcters.

.

e



- ——————— -

e ——— b

A turbulence-intensity measuring system (TIMS) (ref, 12) was installed in the
airplane to record the atmospheric gust velocity encountered during flight,

Figure 4 shows the mechanization of the turbulence-intensity measurcement
system, A pitot-static probe and a differential pressuvre transducer measure the
longitudinal pressurc fluctuations in front of the airplane. A bandpass filter attenu-
ates deviations above 20 hertz and below 6 hertz to exclude unwanted high-frequency
n-ise and low-frequency airplane response to turbulence and control inputs. The
signal is then integrated in the computer and rccorded in the data system. The
computer also compensates for variations in the signal due to airplane velocity .

The recorded signal is directly proportional to the shaded area in the turbulence
power spectrum in figure 4. The power spectrum shown represents the standard
format for quantitative turbulence measurements. This format is the result of exten-
sive turbulence research which showed empirically that the log-log plot of the gust-
velocity power spectrum is linear and has a constant and repeatable slope through-
out the wavelength range from 3 meters (10 feet) to 3048 mcters (10,000 feet).
Therefore, changes in turbulence intensity change the magnitude of the spectrum
but not its slope. The invariance of the slope is illustrated in the figure by the
levels of light-to-moderate and moderate-plus turbulence spectra. Therefore, the
shaded area varies directly with the level of turbulence intensity. This area is also
directly proportional to the root-mean-squarcd value of the gust velocity, which is
equal to the magnitude of the area under the entire power spectral curve.

DEVELOPMENTAL PROBLEMS

As with most flight programs, problems were encountered with the system
during the initial phases of flight. Some of thesec developmental problems, which
may be unique to this system, arc discussed below .

Pitch Trim Overshoot

When the pilot commanded a new pitch attitude with a trim input, the aircraft
overshot the commanded attitude and then gradually returned to it. The problem
was duplicated on the University of Kansas simulator, and, as shown in figure 5,
the separate surface was saturated. allowing the pitch attitude to overshoot. The
problem is the result of differences in aircraft responses from separate surface
inputs and trim inputs. The pitch trim overshoot was eliminated vy adjusting the
command gain to thc separate control surfaces, as shown in figure 6.

Bank Angle Overshoot
Figure 7 is a time history showing a step input of 5.6° primary aileron for a 12°
bank angle, and a resulting 5° bank angle overshoot. Immediately before the bank

angle overshoot, the separate surface aileron saturates (it has a 14° limit), and an
overshoot ratio of 42 percent results. The forward loop gain is 15,
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The overshoot ratio is a function of forward loop gain (fig. 8). Inereasing the
gain to 60 results in an acceptable overshoot. Increasing the gain requires less
primary control gurface deflection, and therefore less separate surface authority,
for a commanded bank angle; however, the gain is limited by too abrupt control
response and excessive contro} sensitivity.

Heading Hold Operation

The system was originally mechanized to unlock the heading loop when the
pilot's control wheel was deflccted more than 3°. While this technique was satisfac-
tory for a Piper airplane (ref. 3), it was unsatisfactory for the Beech 99 airplane
because of high control system friction and forces. The problem was resolved by
replacing the aileron position sensor with a torque-scnsitive switch on the control
wheel that was activated by a very small wheel force.

Pitch Changes With Configuration Changes

One benefit of the attitude command system is the elimination of pitch changes
during aircraft configuration changes. However, the elevator's separate control
surfaces saturated during a go-around maneuver, which resulted in the airplane's
pitching down. Analysis of the problem indicated that the nose-down pitching
moment was generated by flap retraction and that the autotrim rate could not keep
up with the changes. It seemed logical to limit the rate of configuration changes to
avoid saturation. It was not practical to reduce the flap retraction rate; however, a
successful fix resulted from interrupting the flap retraction whenever the autotrim
system was operating.

TEST PLAN AND PROCEDURES

Six pilots participated in the qualitative flight evaluation. All were experienced
professional pilots. Three were general aviation pilots who were twin-engine,
jnstrument rated, but had no experience in the Beech 99 airplane. The other three
were NASA research pilots. All pilots were given a 1-hour familiarization flight in
the basic Beech 99 airplane.

The flight test pattern for the qualitative pilot evaluation is shown in figure 9.
The vertical-S maneuver is a series of climbing and descending turns. The 90°
localizer interception was {nitiated from the cruise configuration to increase the
difficulty of the piloting task. The flights were conducted under simulated instru-
ment flight conditions. Each pilot flew the entire pattern in the slave mode and then
jmmediately repeated the pattern in the command mode. Only two pilots repeated
the flights.

The piloting task was cvaluated with the Cooper-Harper rating scale (ref. 13).
The ratings ranged from 1 to 10, where 1 indicates excellent controllability and 10
indicates that control will be lost during some portion of required operation.

127

e s s, EE—— v LSS e

st ¥y WY




t

N
{

[ |
|

o

FLIGHT TEST RESULTS

Aircraft Response Characteristics

Roll axis .—The response to an aileron step input in the command mode is shown
in figure 10. The separate surface aileron starts in the direction of the primary
aileron and opposes it when the desired bank is reached; thus, the bank angle
becomes proportional to the pilot's control deflection.

Pitch axis.—The response to an elevator step input in the command mode is
shown in figure 11, Again, the separate surface elevator produces a change in atti-
tude proportional to the pilot's control deflection. ]

The control force transients in the slave mode during configuration changes
are shown in table I. The elevator wheel forces required to trim are high, and can
rise as high as 311 newtons (70 pounds) during a go-around maneuver. Depending
on the duration of the transient forces, pilots generally oppose the forces rather
than trim. These transient forces, and the accompanying pitch changes, are
eliminated in the command mode. The flap interrupt modification about doubles the
normal flap retraction time, and figure 12 shows a hands-off vehicle response during ,
a configuration change. |

Yaw axis.—The most significant change that occurred in the yaw axis with the |
command mode is the yaw damping effect. Figure 13 shows the response of the air- |
craft to a rudder doublet in the slave mode. Dutch roll damping is low. Figure 1« ]
is the aircraft response in command mode to a rudder doublet. Dutch roll damping
is improved.

Pilot Evaluations

This flight test program is oriented towards the generatior: of pilot opinions
concerning the handling and ride qualities of the modified Bezzh 99 airplane. The
flight profile reflects this philosophy. The maneuvers are designed to task the pilot
to enable him to evaluate the changes in aircraft dynamics, although the profile
does not depart from being a realistic IFR mission. Therefore, the pilots' comments
and the Cooper-Harper pilot ratings constitute the most important results of the |
flight tests. !

After the pilots performed the mission in the slave and command modes, they
were debriefed. The following discussion gives the pilots' consensus of opinion
concerning the handling qualities of the test airplane.

The pilots were favorably impressed with the elimination of the control force
transients that accompanied configuration changes. They seemed to like the pitch
stabilization provided by the attitude command system; however, some pilots tenced
to resist adapting to the system. Comments characterizing this discussion are pre-
sented in table II,
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Holding aileron force during turns was annoying. Most pilots stated that they
did not like using the aircraft's manual trim. Some pilots thought that a wheel-
mounted electric trim might be acceptable. One pilot said he felt that it was unsafe
to trim to some bank angles.

The workload was greatly reduced by the command mode, especially for preci-
sion maneuvers like localizer and glidepath tracking. The improvement was even
more pronounced in turbulence.

Most pilots agreed that with the attitude command system on, the ride qualities
and turbulence response of the aircraft were substantially improved. Comments
regarding ride qualities are presen’~d in table III,

Pilot Ratings

The nonresearch pilots had not used the Cooper-Harper rating scale before.
Perhaps as a consequence of this, their ratings did not indicate much improvement
when the attitude command system was on; however, their unrecorded comments
and enthusiasm after flying with the system indicated that the airplane flew better

than they had expected, and that they were pleased with the operation of the system.

The pilot ratings generated from the flight profile as a function of turbulence -
are presented in figure 15. The TIMS output in rms volts is correlated with the
pilot assessment of the turbulence level in the slave mode. In the command mode,
the pilot rating shows an improvement of at least 0.5 over the airplane in the slave
mode. The mean improvement in pilot rating is between 1,25 and 1.50.

The instrument approach is the most demanding of all the piloting tasks. A
measure of pilot workload for this task is shown in terms of aileron activity in
figure 16. There is substantially less aileron activity in the command mode.
Figure 17 shows the standard deviation in heading versus turbulence. Although
the figure shows no significant improvement in performance, the pilots felt that
their performance was improved.

Ride Qualities

The precision heading task is typical of enroute flight of commuter airliners.
Atmospheric turbulence during these evaluations was light to moderate. The verti-
cal and transverse accelerations of the aircraft are shown in figure 18. The solid
symbols represent the averages of six flights. In terms of percentages, the data
show an 18.5-percent reduction in vertical acceleration and a 32.2-percent reduc-
tion in transverse acceleration when the system is in the command mode.

The effects of ¢‘titude command on passenger comfort are also apparent in
figure 18. Boundaries of passenger comfort were extracted from studies of passen-
ger ride quality determined from commercial airline flights in which a Beech 99 air-
plane was one of several aircrafc used (ref. 14). Passenger comfort responses in
light-to-moderate turbulence are generally borderline to uncomforteble when the
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airplane is in the slave mode. In all cases, putting the airplane in the command
mode removes it from the uncomfortable region.

CONCLUDING REMARKS

Flight testing the Beech 99 airplanc demonstrated that the use of separate
surface controls is practical for general aviation and that the use of small separate
surfaces is effective in controlling the response of the airplane. Because the sepa-
rate surfaces were small, they were easily saturated; but the saturation problems
could always be resolved. Improvements in the handling qualities and the ride
qualities of the Beech 99 aircraft were demonstrated in flight tests.
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TABLE 1, -~ CONTROL FORCE TRANSIENTS

1120 KIAS, clean configuration, 1524 meter (5000-foot) altitude,
slave mode)

, Elevator wheel force required
Longgt:lrga;ion to maintain attitude,
N (Ib) (push)
Gear down 33 (7.%9)
Flaps down 222 (50.0) -
Half to full power 80 (18.0)

TABLE 1, —HANDLING QUALITIES COMMENTS

Pitch attitude command:

I liked the decoupling cffect of being able to control the
glide slope and the rate of descent with the pilot trim and the
speed with power,

Glide slope was more positive with the system on.

Pitch attitude command is probably the biggest improvement
that 1 see in that the attitude tends to be locked in.

Not much change in the pitch axis except for the gear and
flap transients.

Missed approach much casier, aircraft well controlled.

When the go-around wis execcuted, | was forced to establish

a climb attitude. The basic aircraft would naturally piteh up
with acccleration.

Roll attitude command:

The workload is much lower, especially in the roll axis; 1
felt much more confident of my ability to perform the mission.

The localizer was easier to maintain,

Heading hold:

The basic aircraft wallows around. 1t is difficult to hold
heading. The aileron forees are high. When you turn your
system on, it relieves the pilot workload, particularly when
maintaining heading in turbulence, I turbulence knocks you
off [the heading] , the system brings you back to it.

Initinlly 1 was fighting the heading hold system; 1 wasn't
turning loose and letting it settle down. 1 found out tater if !
flew slmost hands off, heading hold was pretty good,
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TABLE III.—RIDE QUALITY COMMENTS WITH
= ATTITUDE COMMAND SYSTEM ON
) In all the axes, as soon as you turn the attitude -
L command on it seems as if the turbulence decreases
by half.
= The ride is much smoother.
_;-1'- The airplane seems as if it is on a rail or track.
|
- e o) ‘
\‘\i\;~‘ » I Lk’/‘/
o i = . i

{1 separate controlled

_ surface
EZ Pilot controlied
surface
Figure 1.- Beech 99 airplane with separate artuee HA

& 134 g




Sy§tem- System engage
disengaged push button

lndncator/ Surface position

mdlcator @) Position error -

indicator (3)

Power switch

}©\

IRRR
(BN

MY

v

TARMERE

[

¥
r'y

1)

0(0) © O [zi=

llll‘lll|
v
1
Prrigtity

1

v
lllll’ll

TERPSRIAL

Ground test
\indicator

©\— Axis -disengaged
© © indicator 4)
© \-Axis selector

switch (3)
©

Lo

i ~ ition trim
Autotrim Roll axis Surface position
indicator heading notentio meter. (3)
hold switch Yaw damper heading
hold/yaw damper
only switch

Figure 2.- Management and control panel.

135




2
aastal

. — L eCAT I
- == === Aerodynamic
— e Mechanical

; Control - - . - Primary | _J
Pilot column surface
J T
a i
N Trim Ks X Position
' button ep slave potentiometer
4 of j Slave
1 55 + | " ——-— Pu:'«'?r - Actuator Sep«:rate -
: -~ < - o amplifier sur 'aj‘? Aircraft
3 - Command H
‘ Position
‘f.', potentiometer
J Timed Position 1 I
I relay detector 1+t
|
<t -
" Autotrim ctodtor Horizontat
L ! b - .
g > Primary trim stabilator .
= |
‘ K 0 vertical | _ _ _:
: h I
|
\" K. 6 Rate - J ‘
—’.-'A;: 0 q». 0 1
,“;. ‘
& (a) Pitch axis. ;

Figure 3.- Mechanization of attitude command control system.

Y 136




Aoy

Lo -]

b — —

. ¢
o !
' :
B \ ? !
,l t
! ;
" l '
’
i,
. ' | | : +
- !
'
.
T
.
.
Priot tonteo' . o — N
Wlyrn oy
3 Y
e
PLE)
ot G he
o “ ST Lat
n bt [ AR
i T
ke 1
'
TUTTTTTUTTTTTT o e
‘ "’:: » ot
> -— - <
A K
' > cms——— e o —d
" [
. - .
e .
e Ve
3 —_——

s BN R
. ~F

—a t Yt )6 e
“>.,‘ ), & h

L (b) Roll axis.

Figure 3.- Continued.

137




138

1 r ‘
. : ,
! I
i )
o] [ — - — [T
[N N 0
"o R T e
4] [ Jar o
- Il F [ - . o b~ 4
R — - by L)
}
1
» - ) . : - —_- —‘
! l f
| .
v geper — ! 7] _—"_—F-N- -— -
! ot an
Yo e \ TR ,'
ane e J
Peddone tue ¢ ——————
N
|
'w >N 08 b
(¢) Yaw axis.
Figure 3.- Concluded.
ORIGIN \
YF POoR “GE 19




.~ Pitot-static

Turbulence-intensity —, =
measurement system 5#3
Pressire
transducer

. ]
Bandpass
filter

Andloy
computer

Display
meter/
recorder

——— e mh e —— —

prohe Wavelength, ft
0 o
’ [ J : | 3
i I | 10
| 10 \ ight o cnderate |
! A m
| 0 \ i
1) ety :
! Power ' « Noder ate ‘ lUl
| specteal | -1 bl ;
density,
) -0
o omlsect 10",‘ |
vooradim \ i 1
) \ 10
1073 i
N i
10 .

Wm0 3 3

vavelength, m

Figure 4.~ Turbulence-intensity measurement system.

Trailing edge down 3

bes' deg 0
35

Pitch up 1
o,deg 0
14

Ttailing edge down 3

- --Separate surface

saturated
P . e
W
N D I S SO

I—\

v—t\——_-—/
S R I S
-Primary trim - Autotrim

[ /\/\

6H' deq 0 /__/
3 L ._.._J.. O ]'. — l ——hs o
0 5 10 15 20 24
t sec

Figure 5.~ Simulator pitch axis response due to

pilot trim input with

angle overshvot induced by

Ko = 10, (Piteh

ep

oy Raturation.)

Power
spectral
density,

‘J )
it rsec
rad'ft

1144



Frading edye down

14
'W,
Oes' dey 0 e
3 Y S I
Pitch up 14
0,deg 0 — > <
7% ISR I T N
Trailing edge down 3 - “Primary trim
; / Autotrim
6 deg 0 =~ /\/' L\
H’ \/‘"
2 i L1 |
0 5 10 15 20

t, sec

Figure 6.- Simulator pitch axis response

due to pilot trim input with K(S = 20,

Trailing edge up

20 -
[T
bap' deg 0 ==+t .
0L L4 | Lo
Trailing edge up ) —

5 g 0 \J\%\__/_"_\/.,-
das

Right

T
@, deg 0 /% e S
ol T i ]
Right 30
p, deqisec 0 o e
; b i ! o
3
lU ) 1 15 20
t, sec

Figure 7.~ Time history of hank anple
overshoot.  Gear and tlapu downg
airepeed - 110 knots; K(. =~ 185,

"1'

——— st

£Xd

T
o owe

L S



\
> Py
——

,\'
g
1.2
1.0
8+
Overshoot ratio,
deg overshoot .6 -
deg steady state a
41—
2
2
] | ] ] ]

J
6 10 20 30 4 5 60

ap

Figure 8.~ Effect of I(6 on overshoot
ap
ratio. Flight data.

/-Runway
@ Vertical-$
maneuver (7 min}
® @ Precision heading
maneuver {10 min)
. 90" localizer
-l Middle marker interception (3 min)
85, ¢ Outer marker @ 1S approach
£ {7 min}
“@ ® Go-around (5 min1
= it
i ®
—a
(;,f,\”
; g“.
@

@

Figure 9.- Qualitative flight profile.

141




A

&~
<

—

Tralling edge up -

Gap' deg 0 F——‘;

)
wbo L]

Trailing edge u N
gedeup - A ;
635' deg 0 VA‘ N f

ol o]
Right - :
@, deg 0 /
60 | ol ]
p, dealsec 0 L

1) [ SN U S

0 10 20 30

1, sec

Figure 10.~- Aileron step response.
Command mode.

Trailing edge up

bep' deg
Trailing edge up -
6es' deg O | v [
LU e
Up 5.
o0, deg 0 > —
L — s HOS )
Up 4
q, deylsec 0 v —
i oo Lo
4 0 30 20
t sec

Figure 1l.- Elevator step response.
Command mode.,




e g e i

- 5000 — 15,000
Altitude, :| Altitude,
m
0 { I I ) ft
250 —
Airspeed,
knots | I J
0
Nose down

30
0, deg 0 F‘f —
30 | | | ]
Trailing edge up 15

/W
665' deg 0 Fw—-r | K

15
Trailing edge up 2.4 —
0,,, deg ——
Ht
4.4 ‘ ' .
Trailing edge up ¢
40 | N
Throttle Full
position | | I N
\die 10 20 30
t, sec

Figure 12.- Aircraft response to confizuration changes. Hands off, K. = 20,
K' = 4’ 1( i 240
;) 8
ep

143




—_— /_ e
e

s

kight 39
o : //\
Right 10 C
DA
I
r, deglsec ‘gl TV —
Right 10
- . -
ﬂl dw 0 -
Traiting edge right 15 -
6 ,dg O ""‘
9 w
- 15 | 1 |
. 15—
:
§,.dg O —
s
15 | 1 il
Traiting edge up ;0 —
6 ' “g 0 -
* 10 | | J
0 10 20 30
t, sec

Figure 13.- Aircraft response to rudder
doublet in slave mode.

B e

Rl

Right 30
@, deg 0 S ——
30 | 1 J
r, degisec 0 e
Right
B, deg lgr' e
¢ 10l 1 I |

Trailing edge right |

6, deg 0%—
P 15 | 1 .

Trailing edge right g

5., deg oF:_q=c%¢====
rs
15 ‘ L .

Trailing edge up 15

LI MAdbé.:—-

| il J
ls0 10 20 30

1, sec

Figure 14.- Aircraft response to rudder
doublet in command mode.

144




—
g o i

$
!
(
| |
| |
10 — © Command
O Slave
8
6
Pilot rating oo a
4} oogooo
-] -
o o
oo
2 o
! ] J
' 0 ) 1 2
Average rms TIMS output, rms voits
— ] J
Calm Light Moderate
Pilot assessment of turbulence
in slave mode

Figure 15.- Pilot ratings versus turbulence
for tasks 3, 4, 5.

3 —0~— Command
[~ =0~ Slave
62.2-percent O
reduction
2 - ’. 3 -a°. g -
Standard deviation of 8
primary aileron,
deg °
1 °
N oW
[ S 4
[ o
] | j
0 1 2 3

Average rms TIMS output, rms volits

—_
Calm  Light Moderate

Pilot assessment of turbulence
in slave mode

Figure 16.- Standard deviation of primary
aileron versus turbulence. Task 4.

145




R

~"n“_4(\" -
—
— e

4~  —0— Command
=0~ Siave
o
3 —
27.3-percent
reduction g
o
Standardg deviation - =
of heading, 2 o
deg I —
a
o o0 o
I+ o
0 i ? 3

Average rms TIMS output, rms volts

Calm  Light Moderate

Pilot assessment of turbulence
in slave mode

Figure 17.- Standard deviation of heading
versus turbulence. Task 2,

Q Slave
O Commarul
14 Solid symbols denole
averdae of Six flights
12 o
=]
10 g Uncomfortabte
e
Vertical 08
acceleration,
s ¢
1 U6 [
Neutral
region
1"}
0 Comfortable
1] 0 1] 1) in 1

Transverse acceteration res g

Figure 18.- Passenger comfort response
contours.

146

B W .1 S .ot ssin s




_—— ———
.

e e
e

—————n .

P MY Y=-18089

A REVIEW OF SUPERSONIC CRUISE FLIGHT PATH CONTROL
EXPERIENCE WITH THE YF-12 AIRCRAFT

Donald T. Rerry and Glenn B, Gilyard
NASA Dryden Flight Research Center

SUMMARY

Flight research with the YF-12 aircraft indicates that solutions to many handling
qualities problems of supersonic cruise are at hand. Airframe/propulsion system
interactions in the Dutch roll mode can be alleviated by the use of passive filters or
additional feedback loops in the propulsion and flight control systems. Mach and
altitude excursions due to atmospheric temperature fluctuations can be minimized
by the use of a cruise autothrottle. Autopilot instabilities in the altitude hold mode
have been traced to angle of attack-sensitive static ports on the compensated nose
boom. For the YF-12, the fecdback of high-passed pitch rate to the autopilot
resolves this problem. Manual flight path control is significantly improved by the
use of an inertial rate of climb display in the cockpit.

INTRODUCTION

At the 1971 operating problems conference (ref. 1), some handling qualities 1
problems of high altitude, supersonic cruise aircraft were discussed. An arca of
primary concern was longitudinal and latcral-directional flight path control.
Longitudinal flight path control problems manifest themsclves as altitude or Mach
excursions, or both, that occur in an apparently random and unpredictable manner.
These incidents have a history beginning with the XB-70 aireraft and extending to
the YF-12 aireraft (ref. 1) and, more recently, the Concorde aircraft (ref. 2).
Lateral-directional control problems of the YF-12 aircraft (ref. 3) manifest them- ;
selves as large forces and moments induced by inlet spike and bypass door move- i
ments and reductions in Dutch roll damping due to automatic inlet operation. ‘

Since the last operating problems conference, rescarch pertinent to supersonic
cruise aircraft has been relatively low key. Nevertheless, significant progress has
been made and solutions to several problems are at hand. Several papers and
reports (refs. 3 to 7) have explored the primary arcas of concern, such as airframe/
propulsion system interactions, atmospheric disturbances., autopilot performance,
and pilot displays.

This paper will review the high speed, high altitude flight path control
problems discussed five years ago and the developments in these areas with the
YF-12 aircraft since then. This study is neither final nor complete: more operating
experience is required to confirm the adequacy of the solutions and to investigate
additional problems.
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Physical quantities are given in the International System of Units (SI) and
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